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EXECUTIVE  SUMMARY 

THE  PRCBLEM  —  DECREASED  OPERATICMAL  READINESS 
OF  CVN  CLASS  VESSELS 

Ihe  cperational  readiness  of  aircraft  car¬ 
riers  has  for  years  been  reduced  by  v*iat  would 
seem  to  be  a  minor  problem  —  the  fouling  of 
sea  chests  due  to  the  ingestion  of  bottom  sedi¬ 
ment  and  marine  organisms.  Such  fouling  prob- 
laiis  occur  at  both  pier  side  and  upon  enter¬ 
ing  and  leaving  the  berthing  areas  of  certain 
Naval  harbors. 

According  to  one  Navy  source,  serious 
consequences  can  result  frcm  the  inoperability 
of  circulating  water  systems  of  CVN  class  ves¬ 
sels.  Seme  typical  problems  have  been  reported 
[1]  to  include: 

•  Delays  of  flight  operations  for  up 
to  12  hours  following  underway  time, 
as  catapults  cannot  be  warmed  at  the 
pier. 

•  Uhderway  evolutions  cannot  be  con¬ 
ducted  usir^  the  main  engines,  and 
tug  assistance  to  euichorage  is 
therefore  often  required. 

•  Frequent  malfunctions  of  the  turbine 
generator  and  distilling  plant  occur, 
in  addition  to  excessive  wear  of  the 
ship's  machinery  and  pun^>  components. 

Such  circulating  water-system  clogging  has 
been  found  to  occur  at  either  the  suction  grat¬ 
ing  on  the  hull  or  on  the  tube  sheet  inside 
the  condenser  head.  Ibe  exact  causal  factors 
were  previously  unknown,  but  were  assuned  to 


Reference : 

•  Text  Section  3.1 


•  Text  Sections  1.1 
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be:  underkeel  "migration"  of  marine  organians, 
sea  chest  suction,  inadequate  underkeel  clear¬ 
ance,  or  a  combination  of  these  factors. 

Before  this  study,  little  was  known  about 
the  underkeel  clearance  required  to  alleviate 
such  fouling  problems.  Prior  to  dredging  to 
the  proposed  50-  plus  2-foot  berthing  depth 
for  carriers,  Norfolk  Naval  Base  authorities 
wanted  to  be  assured  that  the  planned  depth 
would  alleviate  the  fouling  problen. 


•  Text  Sections  3.2.3, 


3.2.4 


Proposed  50'  Depth - 1 


OBJECTIVES  OF  THE  qjRREMT  SUrPY 

A  Technology  Development  project  was 
initiated  by  Naval  Facilities  Engineering 
Command  ( NAVFACENGCOM )  to  determine  the 
underkeel  clearance  required  to  alleviate 
the  fouling  problem.  The  project  was  sub¬ 
sequently  awarded  to  Hydro  Research  Science 
( HRS ,  Inc . )  in  the  form  of  ONR  Contract  Num¬ 
ber  N00014-80-C-0395  dated  17  MAR  80. 

The  underlying  objectives  of  the  result¬ 
ing  HRS  study  vere  to:  (a)  investigate  the 
underkeel  requirements  of  aircraft  carriers 
as  related  to  the  sea  chest  fouling  problem, 
and  (b)  develop  an  on-b>oard  technology  to 
control  the  fouling  problems  experienced  by 
aircraft  carriers  in  certain  parts  of  Norfolk 
Harbor. 

PHYSICAL  MODEL  PREPARATION 

Precision-constructed  scale  models  of  the 
selected  CVN  class  service  generator  and  main 
circulating  cooling  systems  ware  then  con¬ 
structed.  The  models  were  placed  in  the  HRS 


•  Text  Sections  1.2, 
3.3 

•  Figure  3-4 


•  Text  Section  4.1 

•  Appendix  B 

•  Figures  4-1,  4-2, 
4-3 
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^rthim  Tank  and  fully  instrumented  for  ex¬ 
perimental  purposes.  The  tank  bottom  was  filled 
with  r.i7od  walnut  shell  nrains  to  simulntu  run 
and  alnae  tn  simulate  marine  ornanisms,  and  a 
dyo  probe  was  installed  in  the  recirculatin: 
system,  to  enable  observation  of  the  flow 
patteras. 


iiiF;r>mFicATioN  cf  the  primary’  CAnsAr.  factor 


a  result  of  an  intense  hydraulic  m.elol- 
ina  i~vestiqation  of  the  circulatim  cool  ins 
sy'=^‘-em  foulinq  problems  of  Naval  aircraft  car¬ 
riers  durinq  berthing  and  light  off  operations 
at  port... the  primary  causal  factor  was  identi¬ 
fied  as  the  sea-chest  discharge  jet. 

The  impingement  of  the  jet  on  the  berth  in  i 
floor  was  found  to  cause  dislodgemoi.t  of  bottinn 
material.  When  the  resuspended  materials 
approached  the  suction  sea  chest,  they  were  in¬ 
gested  and  fouling  occurred.  Hydraulic  mofiol 
experimentation  using  an  assumed  average  draft 
of  39  ft,  with  underkeel  clearances  of  5,  13, 
and  21  ft,  corresponding  to  slip  depths  of 
44,  52,  and  60  ft,  respectively,  indicated 
that  a  strong  "jet"  persisted  throunhout  the 
entir'^'  -ict  rwth. 

An  in-depth  study  was  then  conducted  to 
characterize  the  velocity  and  pressure  fields 
of  the  lets.  It  became  obvious  that  onboard 
modifications  would  be  potentially  effective 
in  controlling  condenser  fouling  problems. 


•  "f'ction  4.3 

•  Fi7urt>  4-4 


>4 


THE  niFFPSFR  A5  TllE 
ONBOARD  SOLUTION 

As  the  outcome  of  April /May  1980 
between  HRS,  NAVSEASYSCOM,  NAVFACRNOCOM 


•  Text  Senti'''n  1 .  3  . 


-c- 
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and  LANT^VFACENGCGM  at  the  HRS  Laboratory, 
it  was  agreed  that  HRS  should  pursue  sea-chest 
"diffusers"  as  a  viable  onboard  solution  to 
the  fouling  problem. 

The  concept  of  diffuser  design  is  to 
spread  the  flow  through  various  physical  ar¬ 
rangements  such  that  the  flow  velocity  is  re¬ 
duced  and  a  uniform  exit  velocity  obtained. 

It  was  further  agreed  that  the  resulting 
diffuser  designs  were  to  be  tested  by  HRS  at 
potential  underkeel  clearances  of  8  and  13  ft, 
corresponding  to  slip  depths  of  44  and  52  ft, 
utilizing  physical-model  test  procedures. 


THE  original 

NAVSEASYSCOM  DIFFUSER  DESIGNS 

NAVSEASYSCOM  provided  HRS  with  two 
preliminary  sea-chest  diffuser  designs  for 
evaluation.  The  diffuser  impact  chamber  con¬ 
sisted  of  two  semicircular  cups  concaved 
upward  and  located  directly  under  the  discharge 
line.  The  guide  vanes  located  on  the  sides  of 
the  diffuser  were  designed  to  change  the  flow 
direction. 

Rotational  flow  patterns  were  found  in 
diffuser  tests,  the  flow  was  branching  into 
two  streams  due  to  the  design  of  the  two  semi¬ 
circular  cups.  It  was  evident  that  further 
modification  of  the  diffuser  was  needed  to 
achieve  better  flow  distributions. 


•  Text  Section  6.2 


•  Text  Section  1.2.2 


•  Text  Sections  6.3, 
6.4 


THE  IMPROVED  DIFFUSER  DESIGNS 


Onboard  solutions  inere  subseqi^ntly  de¬ 
veloped  to  obtain  the  optimized  sea-chest  dif- 


•  Tex^  Section  6.0 
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fuser  designs  for  the  ^Service  Generator  (SG) 
cooling  syston.  Ihe  cptimized  diffuser  de¬ 
signs  reduced  the  jet-produce<3  disturbance  of 
the  berthing  floor — also  reducing  the  sub¬ 
sequent  ingestion  of  suspended  materials  into 
the  suction  sea  chest. 

ASSESa^ENT  OF  S-FOOT  KEEL  CLEARA.NCF: 

The  existing  5-foot  keel  clearance  or 
4 4- foot  slip  depth  was  found  to  pose  fouling 
problems  because  of  the  following  reasons: 

(1)  marine  organisms  usually  "remain"  within 
6  ft  from  the  sea  floor,  and  (2)  inadequate 
dispersions  of  the  jet  flow  result  from  such 
"very  confined"  underkeel  spaces. 

With  the  installation  of  the  proposed 
diffuser,  satisfactory  reduction  of  flow 
velocity  was  accomplished.  However,  the  5- 
foot  underkeel  clearance  will  still  impose 
potential  sea-chest  fouling  problems. 

It  was  therefore  concluded  that  the 
existing  5-foot  underkeel  clearance  is  in¬ 
adequate  to  prevent  fouling  of  aircraft- 
carrier  circulating  cooling  systems  in  the 
Norfolk  Harbor  environment. 

THE  SUPPORTING  NUMERICAL-MODEL  STUDY 

The  objective  of  the  numerical -model  study 
was  to  develop  a  state-of-the-art  numerical 
model  relating  the  underkeel  clearance  of  an 
aircraft  carrier  to  the  dynamics  of  sea-chest 
flow  fields  and  related  berthing  floor  behav- 


•  Text  Sections  2.1, 
6.7 

•  Appendix  B 


/// 


L-if  tuser 


•  Text  Section  5.0 

•  Appendix  C,  F 
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■--\PPLICATTONS  'T  FHE 
NUMERICAL  MODEL 

ihe  nimoric.ii  'none  I  >'ir>v<^inry>ri 
Eollowinq  pur; OSes: 

•  Judging  the  stability  of  the  bottan 
Taterial  by  conparing  the  shear 
stress  with  the  critical  shear 
stress  from  Shields  curve. 

•  Understarwling  the  influence  of  under- 
keel  clearance  as  it  r'^lates  to  the 
L'pinn-.T.ont  of  a  ^et. 

•  Lstim.atin  :  *-he  vol'ume  of  bottom  rat*'- 
rial  or  marine  organisms  which  could 
he  ingested  given  a  specified  con- 
C'^ntration  and  distribution  of  the 
orcanisms. 

•  Datemining  the  jet  center  to  suction 
center  distance  re>}uired  to  reduce 
the  'rolijne  of  ingested  materials. 

THE  RESULTI'xT,  dO’JCI .'dSTinS 

Ihe  following  conclusions  resulted  from 
this  study: 

•  Ttie  jet  discharge  from  the  sea  chest 
causes  the  marine  life  to  be  suspended 
and  catanulted  into  the  zone  of  in¬ 
flux  of  suction  sea  cr  st. 

•  The  existing  'j-foot  underkeel  clear¬ 
ance  results  in  extreme  jet  strength, 
and  extensive  resuspension  anvd  in¬ 
sufflation  of  material. 


•  Text  Section  2.  1 

•  Figure  2-1 
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Dredging  the  existing  slips  to  50 
plus  2  ft  to  produce  a  13-foot 
underkeel  clearance  would  be  bene¬ 
ficial,  but  would  not  cure  the 
problem.  A  conbination  of  onboard 
(diffuser  installation)  and  offboard 
(dredging  and  facility  modification) 
measures  should  provide  the  optimal 
means  of  reducing  the  problem. 

The  discharge  velocity  of  the  main 
circulation  pumps,  although  less 
than  the  ser/ice  generators,  is 
still  sufficiently  great  to  cause 
fouling  when  the  pumps  are  operated 
at  full  capacity.  It  is  technically 
feasible  to  diffuse  the  jet,  but 
this  study  does  not  evaluate  this 
option.  If  operationally  accept¬ 
able,  the  fouling  caused  by  the  main 
circulation  pumps  could  be  reduced 
by  throttling  back  when  cpe rating 
pier  side.  Ttie  main  circulating 
cooling  system  was  further  investi¬ 
gated  under  reduced  flow  rates  of 
20,000  gpm  and  8,750  gpm.  Test  re¬ 
sults  indicated  that  under  low  flow 
rate,  the  disturbance  of  sea  floor 
was  reduced. 

Ihe  diffuser  designed  for  the  service 
generator  will  reduce  the  strength  of 
the  discharge  jet.  Similar  diffusers 
could  be  designed  for  other  discharge 
openings.  If  desired  by  the  Navy, 
the  diffuser  could  be  designed  for 


even  smaller  exit  velcxrities.  How¬ 
ever,  the  louvered  exit  area  wDuld 
have  to  be  expanded. 

•  Installation  of  the  service  generator 
diffuser  must  be  considered  as  a 
partial  solution.  Deepening  the 
berthing  area  by  dredging,  and  pos¬ 
sible  additional  facility  modifica¬ 
tion  measures  to  be  investigaterl  in 

a  follow-on  HRS  study,  are  expected 
to  solve  the  suction  fouling  problem. 

RECOMMENDATIONS 

Our  recommendations  for  solving  the  suction 
fouling  problems  are: 

•  Fteepening  the  berthing  area  to  50 
plus  2-foot  overdredge  to  achieve 
a  13-foot  underkeel  clearance. 

•  Installing  the  single-barrel  and 
double-barrel  diffusers  designed  for 
the  service  generator  cooling  system 
to  suit  the  ship  hull  application. 

With  the  installation  of  the  dif¬ 
fuser,  the  service  generator  dis¬ 
charge  jet  will  be  reduced  in 
strength  which  will  aid  in  alleviat¬ 
ing  sea-chest  fouling. 

•  Utilizing  other  onboard  and  offboard 
remedial  measures  such  as  throttling 
back  main  circulation  system  pumps 
and  modifying  existing  waterfront 
structures  to  minimize  the  dislodge- 
mcnt/traaspr^rtation  of  organisms  and 
sediment. 


It  is  further  recommended  that  a  much  larger 
scale  sea-chest  model  be  studied  {model-to- 
prototype  scale  ratio  of  1:4)  to  provide  ad¬ 
ditional  detailed  information  on  flow  patterns, 
back  pressures,  velocities,  and  localized 
phenomena  not  clearly  revealed  by  the  1:10 
hydraulic  model  study. 
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1.0  INTRODUCTION 

1. 1  THE  UNDERLYING  PROBLEM 

During  "berthing"  and  "light  off"  operations  in  some  ports, 
aircraft  carriers  sometimes  experience  heavy  fouling  of  sea 
chests  and  condensers  due  to  the  ingestion  of  bottom  sediment 
and  marine  organisms.  [1]  [2]* 

Such  clogging  has  been  found  to  occur  at  either  the  suc¬ 
tion  opening  grate  on  the  hull  bottom  or  on  the  tube  sheet 
inside  the  condenser  head.  The  causal  factors  were  previously 
unknown,  but  were  assumed  to  be:  underkeel  "migration"  of 
marine  organisms,  sea-chest  suction,  inadequate  underkeel 
clearance,  or  a  combination  of  these  factors. 

.4 

1.2  THE  CURRENT  STUDY 

-  « 

Before  this  study,  little  was  known  about  the  underkeel 
clearance  required  to  alleviate  such  fouling  problems.  Prior 
to  dredging  to  the  proposed  50-  plus  2-foot  berthing  depth  for 
carriers,  Norfolk  Naval  Base  wanted  to  be  assured  that  the 
planned  depth  would  alleviate  the  fouling  problem. 

A  Technology  Development  project  was  therefore  initiated 
by  Naval  Facilities  Engineering  Command  ( NAVFACENGCOM )  to 
determine  the  underkeel  clearance  required  to  alleviate  the 
problem.  The  project  was  subsequently  awarded  to  Hydro  Re¬ 
search  Science  (HRS,  Inc.)  in  the  form  of  ONR  Contract  Number 
N00014-80-C-0395  dated  17  MAR  80. 

1.2.1  The  Study  Objectives.  The  underlying  objectives  of  this 
study  were  to:  (a)  investigate  the  underkeel  requirements  of 
aircraft  carriers  as  related  to  the  sea-chest  fouling  problem.s, 
and  (b)  develop  an  onboard  technology  to  control  the  fouling 
problems  experienced  by  aircraft  carriers  in  certain  parts  of 
Norfolk  Harbor,  primarily  those  berthed  at  Pier  12. 


*  Numbers  in  brackets  [  ]  refer  to  references  in 
Annotated  Bibliography,  Appendix  E. 
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1.2.2  Scope  of  the  Study.  As  the  outcome  of  meetings  between 
HRS,  NAVSEASYSCOM,  NAVFACENGCOM ,  and  LANTNAVFACENGCOM  con¬ 
ducted  in  April  and  May  1980  at  the  HRS  Laboratory,  it  was 
agreed  that  HRS  was  to  pursue  development  of  sea-chest  "dif¬ 
fusers"  as  an  onboard  solution  to  the  fouling  problem.  It 
was  further  agreed  that  the  resulting  diffuser  designs  were 
to  be  tested  at  underkeel  clearances  of  5,  13,  and  21  ft  using 
physical-model  test  procedures.  The  clearances  conform  to 
the  average  existing  slip  depth  of  44  ft,  a  proposed  dredging 
depth  of  50  plus  2  ft,  and  a  theoretical  dredging  depth  of 
60  ft,  respectively. 


NOTE:  HRS  has  received  a  subsequent  contract 

to  pursue  the  development  of  of fboard  fouling 
controls  for  the  proposed  Pier  11  and  existing 
Pier  12  area  at  Naval  Station,  Norfolk,  Virginia. 
The  current  report  deals  only  with  the  onboard 
solutions  developed  in  satisfaction  of  the 
cited  contract. 


1.2.3  Structure  of  the  Study.  To  ensure  satisfaction  of  the 
underlying  objectives,  the  project  was  conducted  as  several 
discrete,  but  interrelated,  phases.  The  primary  phases  in¬ 
cluded  : 

Phase  1  --  Analysis  of  the  underlying  problem 
and  identification  of  potential  on¬ 
board  solution  methodologies. 

Phase  2  --  Physical-model  experimentation  to 
analyze  the  potential  solutions... 
identifying  the  "most  promising" 
for  additional  refinement. 

Phase  3  --  Development  of  a  working  numerical 

model  to  assess  underkeel  flow  fields 
and  berthing  floor  behavior. 
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Phase  4  —  Comprehensive  documentation  of  the 

project,  including  a  Final  Report  and 
Bibliography,  a  User's  Manual  for  the 
numerical  model,  and  a  narrated  16mm 
movie . 

1, 3  SOURCES  OF  INFORMATION 

The  following  paragraphs  identify  the  primary  sources  of 
information  for  this  study.  All  of  the  cited  sources  were  used 
extensively  for  the  physical-model  construction  and  test  program, 
and  were  also  drawn  upon  in  developing  this  report. 

1.3.1  NAVFACENGCOM,  NAVSEASYSCOM ,  and  LANTNAVFACENGCOM . 

General  information  on  the  structural  aspects  of  Naval  air¬ 
craft  carriers  was  provided  by  NAVFACENGCOM.  The  following 
drawings  were  supplied; 

•  AOE  Drawing  No.  120-2286180  —  Sheets  1  and  2 

•  AOE  Drawing  No.  120-2287720  --  Sheets  2,  3,  and  4 

•  CVN  69  Docking  Drawing  No.  845-4636304. 

Additional  information  was  obtained  from:  (a)  communica¬ 
tions  between  HRS  and  NAVFACENGCOM/NAVSEASYSCOM/LANTNAVFACENGCOM 
regarding  the  design  of,  and  general  information  about,  the 
sea  chest,  and  (b)  conferences  held  at  HRS  to  discuss  both  the 
experimental  program  and  the  diffuser  design. 

1.3.2  Virginia  Institute  of  Marine  Science  (VIMS).  HRS  en¬ 
tered  into  a  contract  with  Virginia  Institute  of  Marine 
Science  (VIMS),  performed  by  Dr.  Robert  Diaz,  to  study  the 
hydrodynamic  properties  of  the  identified  fouling  marine 
organisms.  The  resulting  data  was  utilized  by  the  HRS  project 
staff  and  is  included  as  Appendix  A  of  this  report. 
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1.3.3  Literature  Searches.  Generalized  data  on  hydrologic 
and  sediment  conditions  near  the  study  area  were  gathered  via 
an  extensive  search  of  the  available  literature.  [3]  [4]  [5] 

[6]  [7] 

1.4  STRUCTURE  OF  THIS  REPORT 

The  remainder  of  this  report  documents  the  Technology  De¬ 
velopment  project  performed  by  HRS,  Inc.  For  ease  of  reader- 
ship,  the  report  has  been  divided  into  two  parts.  Part  I  con¬ 
sists  of  a  "less  technical"  summary  of  the  project,  and  includes 
Sections  1  through  6.  Part  II  contains  more  detailed  technical 
information  and  data,  and  includes  Appendix  A  through  Appendix 
F.  The  contents  of  each  section  and  appendix  include: 

— PART  I — 

Section  1  -  INTRODUCTION 

Section  2  -  CONCLUSIONS  AND  RECOMMENDATIONS 

A  concise  discussion  of  the  study  conclusions 
and  the  resulting  recommendations. 

Section  3  -  THE  PROBLEM 

A  summary  of  the  fouling  problem  in  terms  of 
the  available  "pre-study"  information  and  data. 

Section  4  -  THE  ANALYSIS 

A  description  of  the  analytical  and  physical 
model  studies  conducted  by  the  HRS  project 
staff . 

Section  5  -  THE  NUMERICAL  MODEL 

Description  of  the  state-of-the-art  numerical 
model  developed  to  relate  "keel  clearance" 
of  Naval  aircraft  carriers  to  the  dynamics 
of  the  flow  field  and  related  berthing  floor 
behavior. 
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Section  6 


Appendix  A 


Appendix  B 


Appendix  C 


Appendix  D 


Appendix  E 


Appendix  F 


-  THE  SOLUTIONS 

Discussions  of  the  HRS-developed  solutions 
to  the  fouling  problem,  including  conclu¬ 
sions  and  recommendations. 

— PART  II — 

-  HYDRODYNAMIC  PROPERTIES  OF  MARINE  ORGANISMS 
A  summary  of  the  data  resulting  from  the 
marine  organism  investigations  conducted 

by  Dr.  Robert  Diaz  of  VIMS  under  contract 
to  HRS,  Inc. 

-  PHYSICAL  MODEL  TESTS  AND  RESULTS 
Descriptions  of  the  physical  model  setup 
and  test  results. 

-  DEVELOPMENT  OF  THE  NUMERICAL  MODEL 

A  detailed  description  of  the  working  numeri¬ 
cal  model  developed  to  permit  assessment  of 
the  flow  field  beneath  an  aircraft  carrier. 

-  KEY  WORDS  AND  DEFINITIONS 

An  alphabetical  listing  of  the  key  technical 
and  scientific  terms  used  in  this  report, 
along  with  a  concise  definition  of  each  term 
or  abbreviation. 

-  ANNOTATED  BIBLIOGRAPHY 

A  state-of-the-art  annotated  bibliography  of 
the  primary  references  used  to  assess  the 
fouling  problem,  and  to  determine  the  re¬ 
lated  state-of-the-art  knowledge. 

-  USER'S  MANUAL 

A  simplified  manual  for  Naval  personnel 
using  the  numerical  model  described  in  Sec¬ 
tion  5.0  of  this  report. 
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2.0  CONCLUSIONS  &  RECOMMENDATIONS 


2. 1  CONCLUSIONS 

As  a  result  of  an  intense  investigation  of  the  circulating 
cooling  system  fouling  problems  of  Naval  aircraft  carriers 
during  berthing  and  light  off  operations  at  port... the  primary 
causal  factor  was  identified  as  the  sea-chest  discharge  jet. 

Hydraulic  model  experimentation  with  underkeel  clearances 
of  5,  13,  and  21  ft  indicated  that  a  strong  "jet"  persisted 
throughout  the  entire  jet  path.  The  impingement  of  the  jet  on 
the  berthing  floor  was  found  to  cause  dislodgement  of  bottom 
material.  When  the  resuspended  materials  approached  the  suc¬ 
tion  sea  chests,  fouling  was  found  to  be  likely  to  occur. 

An  in-depth  study  of  the  flow  field  was  then  conducted  to 
characterize  the  velocity  and  pressure  field  of  the  jets.  Data 
were  compared  to  the  results  from  other  investigators,  and 
good  correlations  resulted. 


In  order  to  control  the  condenser  fouling,  it 
became  obvious  that  structural  modifications 
to  the  ship  would  be  required. 


Onboard  solutions  were  subsequently  developed  to  minimize 
marine  organism  fouling  of  the  circulating  cooling  system  of 
aircraft  carriers.  Solutions  were  provided  in  the  form  of  HRS- 
optimized  sea-chest  diffuser  designs  for  the  Service  Generator 
(SG)  cooling  system.  The  optimized  sea-chest  designs  acted  to 
reduce  the  strength  of  the  discharge  jet,  reducing  jet-produced 
disturbance  of  the  berthing  floor,  and  subsequent  ingestion  of 
the  suspended  materials  into  the  suction  sea  chest. 

The  existing  5-foot  keel  clearance,  corresponding  to  an 
average  existing  slip  depth  of  44  ft,  was  found  to  pose  foul¬ 
ing  problems.  It  was  found  that;  (1)  marine  organisms. 
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usually  "remain"  up  to  6  ft  from  the  sea  floor,*  and  (2) 
inadequate  dispersions  of  the  jet  flow  result  from  such  "very 
confined"  underkeel  spaces.  It  was  therefore  concluded  that 
the  existing  5-foot  underkeel  clearance  is  inadequate  to  pre¬ 
vent  fouling  of  aircraft-carrier  circulatory  cooling  systems 
in  the  current  Norfolk  port  environment.  A  recommended  13- 
foot  underkeel  clearance,  corresponding  to  a  dredged  depth 
of  50  plus  2  ft,  together  with  the  onboard  discharge  dif¬ 
fusers,  will  provide  a  more  promising  alternative. 

In  summary,  the  following  conclusions  resulted  from  this 
study : 

•  The  jet  discharge  from  the  sea  chest  causes  the 
marine  life  to  be  suspended  and  catapulted  into 
the  zone  of  influence  of  suction  chest. 

•  The  5-foot  underkeel  clearance  results  in  extreme 
jet  strength  and  extensive  resuspension  and  in¬ 
sufflation  of  material.  (Figure  2-1  shows  the 
suspension  of  the  bottom  material  resulting  from 
the  strong  discharge  jet). 

•  The  13-foot  underkeel  clearance  would  be  beneficial 
but  would  not  cure  the  problem.  A  combination  of 
onboard  and  offboard  measures  should  provide  the 
optimal  means  of  reducing  the  problem. 

•  The  main  circulation  cooling  system  does  not  have 
to  be  operated  at  full  capacity  during  light  off 
operations  and,  therefore,  was  further  investigated 
at  reduced  flow  rates  of  20,000  gpm  and  8,750  gpm. 
Test  results  indicated  that  under  low  flow  rate, 
the  disturbance  of  the  sea  floor  was  reduced. 


*Conversation  with  Dr.  Robert  Diaz,  VIMS. 
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•  The  d  i  f  f  iiL',;;  r  designed  for  the  service  generator  will 
-.-r.dace  tl.e  strength  of  the  discfiarge.  Similar  dif- 
fiisers  could  be  designed  for  other  discharge  open¬ 
ings.  If  .-sired  by  the  Navy,  the  diffuser  could 

he  designe';  ;  ir  ev'en  smaller  exit  velocities.  How¬ 
ever,  the  louvered  exit  area  would  have  to  be 
•'  oa nded  . 

•  Ir.stal  iat  ieis  nf  tiie  service  ger.-^rator  diffuser  must 
be  consid.erod  a  partial  solution.  It  is  anticipa^  .1 
that  the  suction  fouling  problem  can  be  solved  by 
imp]  em.an*- ’  m  the  following: 

•  /•-enening  the  berthing  area  by  dredging  tn 

an  :.)1  2  ft 

•  HRS  follow-on  study  to  investigate  the  pos- 
sih. llity  of  additional  measur>is. 

?Hr  RFSHLTIdd  /dMENDATIOMS 

Our  recommendations  for  solving  nhe  suction  fouling  problems 

•  Doepeninr-  the  berthing  area  to  achieve  a  13-foot 
1]-,.;.'. trk-^e I  cioarance. 

•  Installing  the  single-barrel  and  double-barrel 
diffusiirs  designed  for  the  service  generator  cool¬ 
ing  sv'^t  m  to  suit  the  ship  hull  application.  With 
the  in'-,  t ]  1  a  t  ion  of  the  diffuser,  the  service  gen- 
•‘r.jtii-  :  -rl.nr-ne  let  will  be  reduced  in  strength 
wni.'n  .  I  Ti!  in  alleviating  sea-chest  fouling. 

•  fftilizini  other  onboard  remedial  measures  such  as 
throttling  bac^'  main  circulation  system  pumps  and 
modifying  '-’xistin-i  waterfront  structures  to  minimize 
tlie  <ii~l  ~  !  ;•  'nt  of  Oi  lanimns 


•and  se.iimonts. 
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It  is  further  recommended  that  a  much  larger  scale  sea- 
chest  model  be  studied  (model- to— prototype  scale  ratio  of 
1:4)  to  provide  additional  detailed  information  on  flow  pat¬ 
terns,  back  pressures,  velocities,  and  localized  phenomena 
which  was  not  clearly  revealed  by  the  current  1:10  hydraulic- 
model  study. 
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3.0  THE  PROBLEM 


3.1  OVERVIEW 

The  operational  readiness  of  aircraft  carriers  has  for 
years  been  reduced  by  what  would  seem  to  be  a  minor  problem  — 
the  fouling  of  sea  chests  and  condensers  due  to  the  ingestion 
of  bottom  sediment  and  marine  organisms  at  pier  side  and  when 
entering  and  leaving  the  berthing  areas  of  certain  Naval  har¬ 
bors  . 

According  to  one  source,  "the  pattern  is  that  marine  or¬ 
ganisms  become  lodged  against  the  intake  screens  of  the  auxil¬ 
iary  and  main  condenser  intakes ... caus ing  the  cooling  water 
temperatures  to  rise  to  such  a  point  that  the  generating  plants 
are  rendered  inoperative."  [1] 

Serious  consequences  occur  as  a  result  of  such  interrup¬ 
tions  in  the  operability  of  CVN-class  vessel  seawater  circulat¬ 
ing  water  systems.  Problems  have  been  reported  [1]  to  include; 

•  Inability  to  conduct  inport  testing  of  the  steam 
plant  or  catapult. 

•  Delays  of  flight  operations  for  up  to  12  hours 
following  underway  time,  as  the  catapults  cannot 
be  warmed  at  the  pier. 

•  Pre-underway  electrical  and  electronic  testing 

is  complicated  because  turbine  generators  are  not 
available  for  ship's  power, . .requiring  operation 
with  the  limited  power  available  from  the  ship's 
emergency  diesel  generators. 

•  Underway  evolutions  cannot  be  conducted  at  pier-side 
using  the  main  engines,  and  tug  assistance  to  tem¬ 
porary  remote  anchorage  is  therefore  required. 

•  Frequent  malfunctions  of  the  turbine  generator  and 
distilling  plant  occur,  in  addition  to  excessive 
wear  of  the  ship's  machinery  and  pump  components. 
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In  most  cases  an  aircraft  carrier  experiencing  such  sea- 
chest  fouling  problems  has  to  proceed  to  anchorage  and  have  the 
clogged  screens  cleaned  by  divers.  In  other  cases  the  divers 
have  had  to  clean  the  screens  with  the  carrier  in  the  berth. 
Such  a  cleaning  operation  is  often  very  difficult  in  Norfolk 
Harbor,  where  the  underkeel  clearance  is  5  ft  or  less  for  CVN- 
class  vessels.  Additionally,  such  cleaning  operations  take  6 
or  more  hours  to  perform  and  are  complicated  by  "the  inability 
of  divers  to  maintain  a  given  position  under  the  ship  because 
of  tidal  flow,  and  loss  of  vision  due  to  the  "fluid"  mud  con¬ 
dition  that  exists  up  to  a  height  of  6  ft  from  the  slip  bot¬ 
tom."  [1] 


3.2  NORFOLK  HARBOR 

The  following  pages  discuss  the  harbor  itself,  including: 
(a)  the  jeographic  location,  (b)  the  overall  configuration  of 
the  harbor,  (c)  current  and  proposed  dredge  depths,  and  (d) 
berthing  facilities  for  CVN-class  vessels. 

3.2.1  Geographic  Location.  The  Norfolk  Harbor  is  located  in 
the  vicinity  of  the  confluence  of  the  James  and  Elizabeth 
Rivers,  as  illustrated  in  Figure  3-1,  Norfolk  Harbor  Orienta¬ 
tion  .  Naval  vessels  enter  the  Hampton  Roads  via  the  entrance 
reach  from  Chesapeake  Bay,  the  Newport  News  Channel,  or  the 
Norfolk  Harbor  Reach. 

3.2.2  Overall  Configuration.  The  Norfolk  Naval  Station  is 
located  at  Sewells  Point.  It  includes  all  piers  and  slips  on 
Sewells  Point  or  approaches  to  the  Point  between  Pier  12  and 
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Figure  3-1 

Norfolk  Harbor  Orientation 
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the  Municipal  Terminal  to  the  west,  and  a  small  craft  basin 
in  Willoughby  Bay.  The  study  area  for  this  project  is  within 
the  Pier  12  berthing  area. 

3.2.3  Current  and  Proposed  Dredge  Depths.  The  Hampton  Roads 
Entrance  Reach,  Norfolk  Harbor  Reach,  and  Newport  News  Chan¬ 
nels  are  currently  maintained  at  a  depth  of  45  ft  below  Mean 
Low  Water  (MLW).  A  plan  to  improve  these  channels  by  deepen¬ 
ing  the  45-foot  channels  to  a  depth  of  55  ft  below  MLW,  has 
been  submitted  by  tne  Army  Corps  of  Engineers.  [8] 

In  the  proposed  Pier  11  and  existing  Pier  12  berthing 
areas,  the  Norfolk  Naval  Base  is  preparing  a  project  for 
dredging  the  berthing  depth  of  carrier  berths  to  50  ft. 

3.2.4  CVN  Berthing  Facilities.  The  present  berthing  facilities 
for  CV  and  CVN  vessels  (aircraft  carriers)  at  Norfolk  Harbor 
consists  of  slips  at  Pier  12... with  occasional  berthing  at 

Pier  7.  [4]  Additional  carrier  berthing  will  be  provided  by 

Pier  11,  proposed  for  construction  adjacent  to  Pier  12  during 
1982-1983. 

3. 3  HYDROLOGIC  CONDITIONS 

The  hydrological  conditions  at  the  Chesapeake  Bay/James 
River  Estuary  for  the  present  study  were  divided  into  two 
categories;  the  average  condition,  and  the  extreme  condition. 

3.3.1  The  Average  Condition.  The  average  hydrological  con¬ 
ditions  of  the  Chesapeake  Bay/James  River  have  been  reported 
by  previous  investigators.  [3]  [9]  The  reported  hydrological 

data  include  water  depth,  tidal  current,  wind,  water  tempera¬ 
ture,  and  salinity  for  various  locations  throughout  the  James 
River  Estuary.  These  existing  data  comprised  the  basic  hydro- 
logic  information  used  in  the  physical  model  study. 
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3.3.2  The  Extreme  Condition.  The  extreme  hydrologic  condi¬ 
tions  of  the  Chesapeake  Bay/James  River  occur  when  a  hurricane 
sweeps  through  the  area.  Existing  reports  describe  various 
extreme  conditions.  [10]  [11]  [12]  [13]  Hurricane  Connie, 

for  example,  precipitated  from  5  to  6  inches  of  rainfall  in 
1955,  causing  up  to  4.5-foot  storm  surges  near  Hampton  Roads. 

Selected  typical  extreme  conditions  of  the 
proposed  Pier  11  and  existing  Pier  12  berthing 
sites  are  treated  in  detail  in  another  related 
HRS  study  which  concentrates  on  offboard  solu¬ 
tions  to  the  fouling  problem. 

3.4  HYDRAULIC  CONDITIONS 

The  two  key  parameters  of  estuarine  hydraulics  are:  (a) 
the  velocity  of  tidal  currents,  and  (b)  the  tidal  circulation 
patterns . 

3.4.1  Current  Velocity.  Preliminary  information  on  Norfolk 
Harbor  surface  and  bottom  currents  is  scarce.  However,  one 
field  study  [14]  reported  a  current  velocity  of  more  than 
1  knot  near  the  bottom  off  Sewells  Point,  and  less  than  0.5 
knots  in  the  access  channel  off  Pier  12. 

As  for  the  Newport  News  Channel,  the  report  stated  that 
the  currents  do  not  always  follow  the  channel,  and  the  average 
velocity  in  mid-channel  at  strength  of  flood  or  ebb  is  about 

1.5  knots.  Information  on  the  velocity  near  Pier  12  (the 
north  side)  indicated  that  the  bottom  and  surface  currents 
rarely  exceed  0.2  knots. 

Because  of  the  nominal  current  within  the  berthing  area"^, 


zero  current  velocity  was  assumed  for  the  underkeel  clearance 
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-.4.2  Circulation  Patterns.  The  circulation  in  Hampton  Roads 
is  not  identical  for  flood  and  ebb  tides.  According  to  Neilson 
and  Boule,  [15]  the  flood  tide  predominates  over  Hampton 
Flats.  The  flow  up  the  James  River  turns  sharply  around  New¬ 
port  News  Point.  The  flow  toward  the  Elizabeth  River  divides 
into  two  streams  —  some  of  the  flow  moves  to  the  west  just 
north  of  Craney  Island,  and  the  remainder  moves  into  the  Eliz¬ 
abeth  River  proper.  Eddies  are  believed  to  form  in  the  lee  of 
both  Sewells  Point  and  Craney  Island  during  flood  tide. 

Neilson  and  Boule  [15]  also  reported  that  during  ebb 
tide,  the  flow  down  the  James  River  is  directed  toward  the 
shoreline  south  of  Sewells  Point.  The  early  flood  in  the 
Elizabeth  River  and  late  ebb  in  the  James  River  occur  at  the 
same  time.  The  flow  towards  Sewells  Point,  therefore, 
branches  into  two  streams:  The  first  stream  entering  the 
Elizabeth,  and  the  second  stream  moving  out  of  the  river 
mouth . 

3.5  BOTTOM  SOIL  CONDITIONS 

Sediments  dredged  from  within  Pier  12  berths  range  from 
silt  to  coarse  clay,  and  are  probably  the  result  of  the  floc¬ 
culating*  of  suspended  sediment  and  the  bedload  sediment  move¬ 
ment  from  the  rivers  flowing  into  Hampton  Roads.  [4]  The 
sediment  characteristics  in  the  study  area  and  other  harbors 
are  reported  elsewhere.  [16]  [17]  [18]  [19]  [20]  These  sedi¬ 

ments  are  further  discussed  in  the  following  paragraphs. 

3.5.1  Soil  Classification.  The  predominant  sediment  type 
within  Pier  12  consists  of  silts  and  cxa/s  (mud).  Four  sedi¬ 
ment  samples  collected  in  Pier  12  had  median  particle  sizes 
of  5.5,  6.2,  6.3,  and  7.0  microns  —  therefore  comprising  a 
medium-  to  fine-silt  sediment. 


*  Flocculating  —  The  collection  or  uniting  of 
suspended  sediment  to  form  a  mass. 
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3.5.2  Sediment  Composition.  A  survey  of  the  sediment  at  both 
slips  of  Pier  12  [6]  revealed  four  basic  sediment  compositions 
at  the  site: 

•  Black  homogeneous  mud,  smooth  when  rubbed  between 
the  fingers,  and  of  the  consistency  of  pudding. 

From  30  to  35%  solid  by  weight. 

•  Coarse  medium-brown  sand,  containing  shell  frag¬ 
ments.  Comprised  76%  solid  by  weight. 

•  Black  clay  and  sand  mixture,  containing  shell  frag¬ 
ments.  Comprised  56%  solid  by  weight. 

•  Gray  mud ,  containing  fine  sand  grains.  Comprised 
44%  solid  by  weight. 

3. 6  THE  "FOULING"  MARINE  ORGANISMS 

The  bottom-sediment  cumulation  at  the  Norfolk  Naval  Sta¬ 
tion  poses  a  problem,  for  it  is  expensive  to  dredge.  However, 
the  clogging  of  aircraft-carrier  circulating  cooling  systems 
by  marine  organisms  poses  an  even  greater  problem. 

The  following  paragraphs  summarize  the  characteristics  of 
the  marine  organisms.  More  complete  information  has  been  in¬ 
cluded  in  Appendix  A  of  this  report. 

3.6.1  Species  Involved  in  Fouling  Problems.  The  specific  sea- 
chest  fouling  organisms  identified  in  the  Norfolk  Harbor  include 
the  hydro id  Sertularia  argentea  and  the  bryozoan  Alcyonid ium 
verrill i .  Photographs  of  actual  samples  of  each  from  Norfolk 
Harbor  appear  as  Figures  3-2  and  3-3.  At  Pier  12  the  hydroid 
is  believed  to  contribute  from  90  to  95  percent  of  sea-chest 
fouling  problems.  The  remaining  5  to  10  percent  of  the  foul¬ 
ing  problems  involve  the  bryozoan.  [2]  [10]  Both  the  hy- 

droids  and  the  bryozoans  move  in  the  lower  portion  of  the  water 
column  and  have  den;' i  t  ranging  from  1.03  to  1.15. 
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Figure  3-2 


Photo  of  Hydroids  from  Norfolk  Harbor 
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3.6.2  Seasonal  Growth  Patterns.  The  hydroid  is  composed  of 
colonies  ranging  from  10  to  12  inches  high,  with  multiple 
branches.  It  is  a  "winter  species"  which  achieves  peak  growth 
from  November  to  February.  Branches  and  side  branches  tend 
to  break  off  during  winter  storms  and  are  carried  away  by  the 
current.  Such  branches  continue  to  grow  after  separation 
from  the  parent  colony.  [2] 

3.7  VESSEL-RELATED  PARAMETERS 

The  remainder  of  this  section  of  the  report  is  concerned 
with  the  vessel-related  parameters  critical  to  understanding 
the  reported  CVN  sea-chest  fouling  problems. 

3.7.1  Vessel  Circulating  Water  Systems.  The  current  study 
concentrated  on  fouling  problems  associated  with  the  two  primary 
CVN-class  seawater  circulating  water  systems;  (1)  the  Main 
Circulating  Water  system,  and  (2)  the  Service  Generator  (SG) 
system. 

3.7.2  Sea-Chest  Discharge  Flow  Rates.  The  pumping  capacity  of 
the  circulating  cooling  systems  of  the  subject  aircraft  carrier* 
ranges  from  3,450  to  25,000  gallons  per  minute  (gpm) .  Within 
the  scope  of  the  present  study,  the  25,000-gpm  flow  rate  of 

the  main  circulating  system  and  the  5,890  gpm  of  the  service 
generator  system,  comprised  the  variables  under  investigation. 

3.7.3  "Assumed"  Operating  Ranges.  For  the  purposes  of  this 
study,  the  operating  ranges  of  the  circulating  cooling  systems 
were  divided  into  three  pumping  rates.  These  "assumed"  operat¬ 
ing  ranges  consisted  of  100,  80,  and  35  percent  of  full- 
operating  capacity. 


*  The  Naval  aircraft  carrier  used  as  the  "model" 
for  this  study  was  the  USS  Dwight  D.  Eisenhower 
(CVN  69)  . 
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3.7.4  Light  Off  Operations.  During  "light  off"  operations, 
the  service  generators  pump  at  full  capacity.  The  main  circu¬ 
lating  system  may,  however,  be  operated  at  lower  rates  such  as 
10  or  20  percent  of  full  capacity. 

3.8  BERTHING-RELATED  PARAMETERS 

The  following  pages  summarize  the  primary  berthing-related 
parameters  associated  with  the  sea-chest  fouling  problems  of 
CVN  vessels  in  Norfolk  Harbor. 

3.8.1  General  Orientation  of  a  Berthed  Vessel.  To  provide  a 
basic  point  of  reference,  the  orientation  of  a  capital  ship 
at  berth  is  illustrated  in  Figure  3-4,  Sectional  Orientation 
of  a  Capital  Ship  at  Berth. 

3.8.2  Operating  Load  Drafts.  The  maximum  operating  load 
drafts  of  Naval  aircraft  carriers  is  reported  to  range  from 
37  to  40  ft.  [4]  The  load  draft,  in  turn,  relates  directly 
to  the  underkeel  clearance  for  a  given  berthing  location. 

3.8.3  Underkeel  Clearance.  The  circulating  cooling  system 
sea  chests  of  Naval  aircraft  carriers  are  located  on  the  under¬ 
side  of  the  vessel.  In  the  case  of  an  operating  load,  draft 

of  from  37  to  40  ft  in  a  berthing  position  or  channel  with  a 
45-foot  depth  (the  current  condition) .. .only  5  to  8  ft  of 
underkeel  clearance  exists  at  low  tide. 

The  suction  and  discharge  openings  of  the  sea  chest 
must,  in  turn,  operate  within  the  current  5-  to  8-foot 


underkeel  clearance. 
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1  Draft 

2  Und-^rkeel  Clearance 

3  Typical  Zone  of  Withdrawal 

4  Suction  Sea  Chest 

5  Discharge  Sea  Chest 

6  Typical  Discharge  Action 

7  Deformable  Material  Berthing  Bottom 

8  Marine  Organisms 

9  \ 

^ Per ipheral  Confinement 


Figure  3-4 

Sectional  Variation  of  a  Capital  Ship  at  Berth 


N00014-80-C-0395 


This  study  investigated  several  underkeel  clear¬ 
ances  using  an  assumed  average  draft  of  39  ft, 
including:  (a)  a  5-foot  clearance  correspond¬ 

ing  to  the  existing  average  Pier  12  CVN  berthing 
depth  of  44  ft,  (b)  a  13-foot  underkeel  clear¬ 
ance  corresponding  to  the  proposed  dredged  depth 
of  50  plus  2-foot  overdredge,  and  (c)  a  21-foot 
underkeel  clearance  corresponding  to  a  hypo¬ 
thetical  lower  depth  limit  of  60  ft  for  experi¬ 
mental  purposes. 
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4.0  TilE  ana:,ysi. 

Ex“.e:.sive  state-of-the-art  physical  "noiieLinq  procedures 
were  utilized  to  analyze  the  sea-chest  foulinq  problem.  This 
section  of  the  report  consists  of  a  "less  technical"  summary  of 
the  modeling  procedures  utilized  to  analyze  the  problem  and 
then  identify  and  refine  the  most  promising  onboard  solutions. 


More  detailed  information  on  this  aspect  of 
the  study  has  been  included  in  Appenlix  B  of 
this  report. 


4.1  THE  PHYSICAl,  MODEL 


4.1.1  The  Berthing  Tank.  A  platform  was  constructed  and  in¬ 
stalled  in  the  permanent  HRS  Berthing  Tank.  To  ail  the  reader, 
a  photo  of  the  Berthing  Tank  appears  as  Figure  4-1. 

Precision-constructed  scale  models*  of  the  selected  CVN- 
class  service  generator  (SG)  and  main  circulating  (MC)  cooling 
system  were  then  placed  in  the  tank  and  fully  instrumented  for 
experimental  purposes.  The  tank  bottom  was  filled  with  sized 
walnut-shell  grains  to  simulate  mud  and  algae  to  simulate  ma¬ 
rine  organisms,  and  a  dye  probe  was  installed  in  the  recircu¬ 

lating  system  to  enable  observation  of  the  flow  patterns. 

4.1.2  The  Sea  Chest  Models.  Two  pairs  of  SG  cooling  system 

intake  and  discharie  openings  and  one  pair  of  the  main  circu¬ 
lating  system  oornin  were  modeled.  The  underkeel  clearance 
for  preliminary  -  ts  was  first  set  at  21  ft  and  later  set  at 

5  and  13  ft.  A  c  '  .^ma  t  i  c  layout  of  the  modeled  sea  cliests  is 

detailed  in  4-2.  A  photo  of  the  sea  chest  model  ap¬ 

pears  as  Figur'-  4-  .. 


*  Models  were  cons  r  i  iier  t!;>'  dimen-;  ions  of 

CVN  69,  the  "moii'  l"  o'  ti,is  I'tudy. 
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BOTTOM  VIF.W 
OF  CVN  69 


niMFNSIONS  OF  MOnFI.KD  AFT  OPENINGS 
OF  CVN  69  /FSSFL 


Approx  iiT.ato 
Model'  ! 
Platforrr 


Numbe  r 

Service 
Descript  ion 

Dimension 
( Inches ) 

41 

#4  Main  Circ. 
(MC)  Suction 

42+13/16  X 
28+13/16 

43 

#4  SG/CG  Sea¬ 
water  Sue''  ion 

38+5/8  X 

31  +  7/8 

45 

#4  SG/CG  Sea¬ 
water  Discharge 

16  DIA 

46 

#4  Main  Circ. 
Discharge 

69+13/16  X 
46+13/16 

53 

#  3  SG  Seawater 
Suction 

37  +  1/8  X 
30+3/B 

57 

#3  SG  Seawater 
Discharge 

16  DIA 

4 _ 


DETAIL  VI FW  OF  MODFr.Fn  PLATF''!'  M 

Note:  Forward  and  .i  f  t  openinn 

locations  are  syn-rre  t  r  i  ca  1 
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Sea  Chest  Model 


4 . 2  THE  PRELIMINARY  ANALYSIS 

Prior  to  conducting  an  extensive  physical-model  experi¬ 
mentation,  a  problem-oriented  preliminary  analysis  was  per¬ 
formed.  The  results  are  summarized  on  the  following  pages. 

4.2.1  Suction  Operations.  Preliminary  tests  of  the  SG  conden¬ 
ser  unit  suction  were  conducted  with  a  flow  rate  of  5,890  gpm. 
Very  little  activity  was  observed  near  the  suction  sea  chest. 

The  influence  zone  was  limited  to  the  vicinity  of  the  suction 
sea  chests. 

The  velocity  at  the  immediate  area  (within  1  foot)  sur¬ 
rounding  the  suction  opening  was  found  to  be  1.2  ft/sec.  The 
decrease  of  velocity  with  distance  was  very  noticable.  Within 
a  4-foot  radius,  the  velocity  dropped  to  0.2  ft/sec. 

The  tests  indicated  that  suction  action  alone  was  not  the 
major  cause  of  the  sea-chest  organism  fouling.  A  typical  veloc¬ 
ity  distribution  at  the  suction  sea  chest  is  shown  in  Figure  4-4. 
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plotted  from  point 
velocity  recordings. 


Figure  4-4 

Typical  Velocity  Distribution  at  the  Suction  Sea  Chest 

Observations  were  also  made  at  the  main  circulating  sys¬ 
tem  suction  sea  chest.  Similar  phenomena  were  observed,  lead¬ 
ing  to  the  conclusion  that  the  suction  action,  by  itself,  did 
not  pose  a  serious  sea-chest  fouling  problem. 

4.2.2  Discharge  Operations.  Observations  of  the  discharge 
sea-chest  operations  were  made  on  a  pair  of  service-generator 
condenser  units  (suction  and  discharge)  with  a  flow  rate  of 


4-5 


N00014-80-C-0395 


5,890  gpm.  Test  results  revealed  that  a  very  strong  jet  flow, 
shooting  downward  from  the  sea  chest,  penetrated  deep  into  the 
surrounding  water,  impinged  on  the  sea  floor,  and  caused  sub¬ 
stantial  disturbance  to  the  bottom  material. 

This  jet  action  resuspended  the  bottom  particles,  dispers¬ 
ing  them  into  the  surrounding  environment.  Part  of  the  sus¬ 
pended  material  floated  upward  and  was  carried  by  the  circula¬ 
tion  current.  As  such  floatages  approached  the  suction  in¬ 
fluence  zone,  the  suction  action  pulled  the  particles  into  the 
sea  chest  inlets.  It  was  therefore  concluded  that: 

The  jet  is  the  primary  causal  factor 
behind  organism-fouling  of  sea  chests. 

In  order  to  ensure  clear  understanding  of  these  jet  and 
scour  processes,  the  following  pages  detail  the  HRS  analyses 
of:  (1)  the  jet  impinging  on  a  solid  boundary,  and  (2)  the 

jet  impinging  on  a  movable  boundary. 

4.3  ANALYSIS  OF  JET  IMPINGING  ON  A  SOLID  BOUNDARY 

Experiments  were  conducted  on  both  the  SG  cooling  system 
and  the  main  circulating  system.  The  following  pages  detail 
the  experimental  results. 

4.3.1  The  Service  Generator  (SG)  Discharge.  The  SG  discharge 
sea  chest  has  circular  cross  sections.  The  SG  jet  velocity 
profile,  therefore,  tends  to  be  axisymmetric  about  the  center- 
line  of  the  circular  pipe,  and  results  in  a  symmetric  flow 
field  under  the  sea  chest. 

A  photograph  of  the  circular  jet  patterns  created  by  the 
SG  system  appears  as  Figure  4-5.  The  SG  discharge  velocity 
distribution  measurements  for  a  flow  rate  of  5,890  gpm  indi¬ 
cated  that  the  maximum  exit  velocity  V  at  an  elevation  of 

o 

13  ft  above  the  solid  bottom  was  10.5  ft/sec.  The  maximum 
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velocity  at  an  elevation  of  5  ft  was  determined  to  be  7  ft/sec 
At  2  ft  from  the  jet  centerline  near  the  solid  boundary,  the 
radial  velocity  was  4.5  ft/sec  —  which  can  move  1/2-inch-size 
medium  gravel  on  a  noncohesive  sand  bed. 


Figure  4-5 

SG  Circular-Jet  Patterns 

4.3.2  The  Main  Circulating  System  Discharge.  The  main  cir¬ 
culating  system  discharge  creates  an  elliptical  jet  pattern. 
For  the  main  circulating  system  discharge  sea  chest  at  full 

capacity  of  25,000  gpm,  the  maximum  exit  velocity  V  was  6.6 

o 

ft/sec  at  an  elevation  of  13  ft  above  the  solid  bottom.  The 
maximum  axial  velocity  was  4.7  ft/sec  at  an  elevation  of  5  ft 
above  the  solid  bottom.  At  7.5  aft  of  the  vessel,  the  radial 
velocity  near  the  solid  bottom  was  approximately  2.5  ft/sec, 
which  can  move  fine  gravel  of  a  size  up  to  0.2  inch  on  a  non¬ 
cohesive  sand  bed. 

A  photograph  of  the  elliptical  jet  patterns  produced  by 
the  main  circulating  system  appears  as  Figure  4-6. 
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The  main  circulating  system  discharge  sea  chest  was  also 
tested  with  a  reduced  flow  rate  of  20,000  gpm  (80%)  and  8,750 
gpm  (35%).  The  maximum  exit  velocities  were  4.70  ft/sec  and 
2.32  ft/sec,  respectively,  and  the  maximum  bottom  radial 
velocities  were  2.15  ft/sec  and  1.01  ft/sec. 


Figure  4-6 

Main  Circulating  System  Jet  Patterns 


Detailed  velocity  distributions  for  both  SG 
and  Main  Circulating  Systems  are  included  in 
Appendix  B  of  this  report. 


4.4  ANALYSIS  OF  JET  IMPINGING  ON  A  MOVABLE  BOUNDARY 


To  date,  there  has  not  been  a  clear  understanding  of  jet 
erosion  mechanisms  on  movable  boundaries.  Few  investigations 
of  jet  erosion  have  been  conducted.  [22]  [23]  [24]  [25]  None 

of  the  studies  reported  conclusive  findings  on  jet  erosion 
mechanisms,  nor  did  they  report  velocity  distributions.  To 
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gain  an  understanding  of  the  erosion  mechanism  and  the  flow 
field  in  the  vicinity  of  the  scoured  area,  a  test  program  of 
jet  impingement  onto  a  movable  boundary  was  conducted. 

4.4.1  Movable  Boundary  Test  Variables.  This  test  program  was 
conducted  to  observe  the  effects  of  circular  jet  impingement 
on  the  sea  bottom.  Materials  used  in  the  study  included  sand 
(to  simulate  sand)  and  walnut  shell  grains  (to  simulate  mud). 
The  underkeel  clearance  was  set  at  13  ft,  with  a  flow  rate 

of  5,890  gpm. 

4.4.2  Jet  Impinging  on  Sand  Bottom.  Tests  of  the  jet  imping¬ 
ing  on  sand  showed  that  the  jet  eroded  the  bottom  sand  outward, 
resulting  in  a  scour  hole  with  the  bottom  about  15.5  ft  below 
the  discharge  opening.  The  velocity  at  11  ft  below  the  dis¬ 
charge  opening  was  found  to  have  a  magnitude  of  52%  of  its 
original  strength.  At  15  ft  below  the  discharge  opening,  the 
velocity  still  maintained  32%  of  its  original  strength.  The 
radial  velocity  at  13  ft  below  had  a  magnitude  of  about  3  ft/ 
sec,  which  is  capable  of  moving  0.4-inch  gravel. 

A  photograph  of  the  effect  of  the  jet  impingement  on  a 
sand  bottom  appears  as  Figure  4-7,  Typical  Sand  Bottom  Scour 
Ef  fects . 


4.4.3  Jet  Impinging  on  Mud  Bottom.  The  jet  impinging  on  mud 
is  a  dynamic  process.  Tests  showed  that  the  jet  dug  down  into 
the  bottom  layer,  resulting  in  a  scour  hole  about  16  ft  below 
the  discharge  opening.  The  mechanism  of  jet  impinging  on  mud 
bottom  is  discussed  in  Appendix  B,  Paragraph  B.5.2.4.  The 
velocity  measurement  revealed  that  at  11  ft  below  the  discharge 
opening,  the  jet  still  possessed  54%  of  its  original  strength. 
However,  a  measurement  at  14  ft  below  showed  the  velocity  to 
he  only  20%  of  the  ori-jinal  strength.  Figure  4-8  shows  the 
typical  mud  bottom  scoir  effects. 
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Figure  4-7 

Typical  Sand  Bottom  Scour  Effects 


Figure  4-8 

Typical  Mud  Bottom  Scour  Effects 
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4.5  MOVABLF  BOUNDARY  WITH  MARINE  ORGANISMS 


4.5.1  Hydrodynamic  Properties  of  the  Organisms.  To  ensure 
that  the  hydrodynamic  properties  of  the  marine  organisms  were 
properly  treated  in  the  physical-model  study,  HRS  contracted 
with  Virginia  Institute  of  Marino  Sciences  (VIMS)  to  study 
selected  properties  of  each  of  the  species.  Performed  by  Dr. 
Robert  Diaz,  the  study  produced  the  key  results  as  summarized 
in  the  following  paragraphs; 

•  The  initiation  of  motion  for  live  hydroids  requires 
a  velocity  of  about  0.05  to  0.11  feet  per  second 
(fps).  For  live  bryozoans,  a  velocity  of  0.34  to 
0.41  fps  will  move  the  species.  As  to  the  mixture 
of  live  and  dead  colonies,  the  required  velocities 
are  0.15  fps  for  hydroids,  and  0.30  fps  for  bryo¬ 
zoans  . 

•  The  fall  velocity  of  hydroids  ranges  from  0.02  to 
0.12  fps  for  live  colonies,  and  0.09  to  0.39  fps 
for  dead  colonies.  The  fall  velocities  are  from 
0.21  to  0.29  fps  for  live  bryozoans,  and  from  0.09 
to  0.21  fps  for  dead  bryozoans. 

4.5.2  The  Marine  Organism  Test  Variables.  Green  algae  were 
used  to  simulate  the  transport  properties  of  the  hydroids 
for  visual  perception  and  qualitative  assessment.  The  algae 
were  arranged  in  the  test  setup  so  that  a  portion  was  im¬ 
planted  into  the  bottom  walnut-shell  layer,  and  a  portion 
was  suspended  in  the  water,  simulating  the  sea-bottom  environ 
ment.  A  collection  device  for  the  algae  was  placed  at  the  ■ 
middle  section  of  the  simulated  suction  pipeline.  This  col¬ 
lection  device  consisted  of  a  circular  conduit  section,  with 
several  layers  of  st-roen  baffl"  spaced  inside  the  conduit 

as  interception  mo--'  , 


A  test  of  the  service  generator  discharge  jet  was  con¬ 
ducted  using  a  13-foot  underkeel  clearance.  In  the  test  the 
jet  flow  dug  into  the  bottom  layer,  disturbing  the  buried 
algae.  The  algae  were  then  lifted  and  carried  by  the  flow. 
Those  carried  into  the  region  of  inf] uence  of  the  suction 
sea  chest  subsequently  disappeared  into  the  suctitn  pipe¬ 
lines  . 

Test  results  revealed  that:  (a)  at  5,890  gpm ,  12.5%  of 
the  algae  was  insufflated,  (b)  at  a  pumping  rate  of  4,800  gpm 
about  9%  of  the  algae  was  ingested,  and  (c)  at  the  much  lower 
pumping  rate  of  2,100  gpm,  only  2%  the  algae  was  ingested. 
A  photograph  of  the  marine  organism  siovable  boundary  test 
appears  as  Figure  4-9. 


Figure  4-9 

Resulting  Scour  Patterns  from 
One  Pair  of  SG  Cooling  System  Openings 
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A  test  was  also  conducted  for  the  operation  using  two 
pairs  of  service  generator  openings  (intake  and  discharge)  and 
one  pair  of  main  circulating  system  openings  with  a  13-foot 
underkeel  clearance.  The  results  revealed  an  ingestion  of 
about  11%  of  the  algae  into  one  of  the  service  generator  suc¬ 
tion  lines. 

It  was  therefore  concluded  that  even  with  the  berthing 

area  dredged  to  50  ft,  the  fouling  problem  will  still 

occur . 

4.6  CONCLUSIONS  FROM  MOVABLE-BOUNDARY  TESTS 

The  following  conclusions  were  drawn  from  the  results  of 
the  previously-cited  movable-boundary  tests: 

•  The  discharge  jet  impinging  on  a  movable  boundary 
is  a  dynamic  process  which  results  in  scouring  of 
the  bottom  material. 

•  This  scouring  action  only  exists  locally,  and 
reaches  an  equilibrium  condition  such  that  the 
perpetuating  eddie  flow  is  contained  within  the 
scoured  area. 

•  The  disturbance  of  the  bottom  layer  caused  by  the 
discharge  jet  scouring  results  in  the  sea-chest 
fouling  problem. 
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5.0  THE  NUMERICAL  MODEL 

The  objective  of  this  phase  of  the  study  was  to  develop 
a  state-of-the-art  numerical  model  relating  the  underkeel 
clearance  of  an  aircraft  carrier  to  the  dynamics  of  sea-chest 
flow  fields  and  the  related  berthing  floor  behavior. 

5.1  OVERVIEW 

The  scope  of  this  phase  of  the  study  encompassed; 

•  Conducting  a  general  compilation  and  analysis  of: 
(a)  the  physical  model  results,  and  (b)  the  mathe¬ 
matical  formulations  for  the  relevant  fluid  mechan¬ 
ics  phenomena  (suction  and  discharge  flow  patterns 
within  various  fields  of  confinement). 

•  Developing  the  algorithm  for  the  numerical  model 
and  coding  the  computer  program  intended  to  satisfy 
the  study  objectives. 

•  Performing  validation  tests  of  the  numerical  model. 

•  Documenting  the  numerical  model  study  and  develop¬ 
ing  a  User's  Manual. 

5.2  THE  DATA  COMPILATION 

Physical-model  data  on  both  suction  and  discharge  jet 
were  compiled.  The  data  on  velocity,  pressure,  and  shear 
stress  were  then  tabulated  and  compared  with  other  investi¬ 
gator's  findings  [26]  [27]  [28]  [29].  Major  attention  was 

focused  on  the  discharge  jet  data,  as  the  jet  was  identified 
as  the  main  driving  force  behind  the  fouling  problem. 

5. 3  THE  ALGORITHMS 

The  algorithms  used  to  develop  the  working  numerical  mo¬ 
del  included  both  suction  and  discharge  jet  simulations. 

These  algorithms  are  discussed  in  the  following  paragraphs. 
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5.3.1  Suction  Simulations.  A  finite  difference  model  was 
developed  to  predict  the  suction  flow  field.  The  fluid  was 
assumed  to  be  inviscid,  incompressible,  and  irrotational . 
After  defining  the  governing  equations  and  boundary  condi¬ 
tions,  a  finite  difference  form  with  the  successive  over¬ 
relaxation  (S.O.R. )  method  was  developed  to  calculate  the 
velocities  at  any  point  confined  under  the  keel. 


Detailed  information  related  to  the  develop¬ 
ment  of  the  formulation  and  its  associated 
boundary  conditions  is  included  in  Appendix 
C  of  this  report. 


5.3.2  Discharge  Simulations.  The  flow  field  resulting  from 
the  jet  discharge  posed  a  very  complicated  problem.  There 
are  no  existing,  related  general  mathematical  formulations. 

The  present  simulation  of  the  jet  discharge  based  upon  HRS 
physical-model  results  is,  however,  in  good  agreement  with 
the  results  of  previous  investigations.  [26]  [29] 

Two  very  different  bottom-boundary  conditions  were  studied 
(a)  fixed  (flat)  boundary,  and  (b)  movable  boundary.  The 
fixed-boundary  numerical  model  of  the  discharge  jet  simulated 
the  flow  field  velocities,  the  bottom  pressure,  and  the  bottom 
shear  stress.  The  movable-boundary  numerical  model  simu¬ 
lated  the  flow  field  velocities  related  to  the  underkeel 
clearances . 

5.4  NUMERICAL  VS  PHYSICAL  MODEL  RESULTS 

Figures  5-1  through  5-4  compare  numer ical-m.odel  versus 
physical-model  results  related  to:  jet  discharge  velocities, 
suction  velocities,  bottom  pressure,  and  the  bottom  stress 
for  fixed  boundary. 
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Figure  5-1 

Flow  Field  for  the  Impingement  of  a  Jet  on  Fixed  Boundary 


(Comparison  of  numerical  results  with  physical  model  results) 
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Figure  5-2 

Suction  Flow  Field  on  Fixed  Boundary 
(Comparison  of  numerical  results  with  physical  model  results] 
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Figure  5-3 

Bottom  Pressure  Distribution  for  the  Impingement  of  a  Jet 

on  Fixed  Boundary 

(Comparison  of  numerical  results  with  physical  model  results) 
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Bottom  Shear  Stress  Distribution  for  the  Impingement  of  a  Jet 

on  Fixed  Boundary 
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Figures  5-5  and  5-6  summarize  the  numerical  model  for  the 
jet  discharge  flow  field  on  a  movable  bottom.  Two  different 
simulated  bottom  materials  are  represented:  (a)  mud,  and  (b) 
sand.  The  numerical  model  results  yielded  a  significant  agree¬ 
ment  with  the  physical  model  results. 
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Figure  5-6 

Flow  Field  of  Jet  on  Movable  Bottom  (Sand ) 
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5.5  APPLICATIONS  AND  LIMITATIONS  OF  THE  MODEL 

For  a  fixed  (flat)  boundary,  the  numerical  model  provides 
a  means  of  predicting  the  jet  impingement  on:  the  flow  ve¬ 
locities,  bottom  pressure,  and  shear  stress  for  jet  impinge¬ 
ment  and  suction.  The  model  was  developed  for  the  following 
purposes : 

•  Judging  the  stability  of  the  bottom  material  by  com¬ 
paring  the  shear  stress  with  the  critical  shear 
stress  from  Shields  curve. 

•  Understanding  the  influence  of  underkeel  clearance 
(water  depth)  as  it  relates  to  the  impingement  of 
a  jet. 

•  Estimating  the  volume  of  bottom  material  or  marine 
organisms  which  could  be  ingested  given  a  specified 
concentration  and  distribution  of  the  organisms. 

•  Determining  the  jet-center-to-suction-center  dis¬ 
tance  required  to  reduce  the  volume  of  ingested 
materials . 

For  the  impingement  of  a  jet  on  a  movable  boundary  the 
present  model  is  not  a  general  model  because  of  the  lack  of 
formulation  for  mud  environment  and  state-of-the-art  diffi¬ 
culties  faced  in  defining  a  mathematical  approach  to  the 
problem. 
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6.0  THE  SOLUTIONS 

The  analysis  of  the  results  of  the  fouling  tests  and  scour 
studies  indicated  that  with  the  original  sea-chest  configura¬ 
tion,  fouling  phenomena  will  occur  with  each  of  the  three  under¬ 
keel  clearances  of  5,  13,  and  21  ft.  Since  sediment  buildup 
can  also  be  expected  to  create  dredging  problems,  it  was  con¬ 
cluded  that  the  design  of  additional  control  mechanisms  would 
be  required  to  minimize  organism  fouling  and  prevent  sediment 
buildup  problems.  Various  solutions  can  be  applied  to  the  air¬ 
craft  carrier  or  to  the  estuary  environment  to  control  sediment 
and  organism  foulings. 

6.1  PRACTICAL  SOLUTIONS  TO  FOULING  PROBLEMS 

Practical  solutions  to  the  fouling  problem  fall  into  two 
categories;  (a)  onboard  solutions  and  (b)  offboard  solu¬ 
tions.  The  onboard  solutions  include  fouling  control  devices 
installed  on  the  carrier  itself. 

Offboard  solutions  can  further  be  subdivided  into  onsite 
solutions  and  peripheral  solutions.  Onsite  solutions  include 
those  provided  at  the  berthing  area;  peripheral  solutions  are 
those  provided  within  the  harbor  for  sediment  control. 

6.1.1  Onboard  Solutions.  Although  various  concepts  could 
be  applied  to  develop  onboard  solutions,  this  study  concen¬ 
trated  on  the  use  of  diffusers. 

The  criteria  provided  to  HRS  for  diffuser  velocity  reduc¬ 
tion  designs  was  a  space  of  4  x  3.5  x  4  ft  for  the  single-bar¬ 
rel  diffuser,  and  a  space  of  8  x  3.5  x  4  ft  for  the  two-barrel 
diffuser.  An  exit  velocity  of  2.5  ft/sec  was  agreed  by  both 
NAVSEASYSCOM  and  NAVFACENGCOM  to  be  acceptable,  although  HRS 
was  prepared  to  further  reduce  the  exit  velocity. 
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6.1.2  Onsite  Solutions.  Various  onsite  solution  techniques 
could  be  applied  to  the  ship  berthing  area,  including:  (a) 
fencing  pier  slips  with  a  barrier  curtain,  (b)  providing  jet 
arrays  to  sweep  out  bottom  sediments,  (c)  using  a  crater-sink 
sediment  bypassing  system  to  pump  sediment  out,  or  (d)  solid¬ 
ifying  the  sea  floor  to  prevent  deep  digging  of  the  sea  bottom 
by  jets.  Only  the  "solidification  of  sea  floor"  option  has 
been  included  in  this  study.  The  remaining  onsite  solutions 
will  be  investigated  in  a  separate  HRS  research  project  of 
Piers  11  and  12. 

6.1.3  Peripheral  Solutions.  Potential  peripheral  area  sedi¬ 
ment  control  techniques  include:  flushing,  exclusion,  trap¬ 
ping,  and  circulation.  These  techniques  and  methodologies 
will  be  further  discussed  in  the  above-cited  Piers  11  and  12 
study  report. 

6.2  DIFFUSER  DESIGN  CONCEPT 

The  concept  of  the  diffuser  design  is  to  spread  the  flow 
through  various  physical  arrangements  such  that  the  flow 
velocity  will  be  reduced  and  a  uniform  exit  velocity  ob¬ 
tained.  Such  a  dissipation  of  energy  could  be  accomplished 
in  three  basic  ways:  (a)  via  direct  impact,  (b)  via  implanta¬ 
tion  of  roughness  elements,  and  (c)  via  geometric  considera¬ 
tions.  Each  of  these  basic  techniques  is  discussed  in  the 
following  paragraphs. 

6.2.1  Impact  Considerations.  Direct  impact  of  the  flow  on  a 
physical  structure  provides  the  most  effective  method  of  dissi¬ 
pating  energy.  Usually  an  impact  chamber  or  an  impact  baffle 
plate  is  used  for  such  a  purpose.  Caution  must  be  used  during 
design  stages,  however,  to  ensure  that  the  structure  can  with¬ 
stand  the  impact  pressure. 
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6.2.2  Implantation  of  Roughness  Elements.  Utilizing  rough¬ 
ness  elements  to  slow  down  a  flow  is  also  a  common  method  of 
dissipating  energy.  However,  ease  of  construction  is  usually 
a  critical  consideration. 

6.2.3  Change  of  Geometry.  Changing  the  structural  geometry 
of  a  structure  to  better  guide  the  flow  through,  comprises 
another  effective  method  of  adjusting  flow  velocity  distribu¬ 
tions  [30]  . 

6.3  THE  PRELIMINARY  DIFFUSER  DESIGN 

The  optimal  design  criteria  for  the  diffuser  design  in¬ 
cluded  ; 

•  Co,..pact  diffuser  space 

•  Capability  of  withstanding  ship  motions 

•  Optimal  diffuser  head  loss 

•  Ease  of  design,  construction,  and  installation. 

Based  on  the  cited  design  criteria,  a  series  of  diffuser 
designs  was  developed,  tested,  and  evaluated.  Figure  6-1  il¬ 
lustrates  the  conceptual  design  of  the  diffuser  and  its  compo¬ 
nent's.  Twenty-four  different  configurations  of  the  diffuser 
design  were  tested.  Figure  6-2  is  a  photograph  of  the  various 
diffuser  designs  tested  by  HRS.  The  experimental  evaluation 
of  the  design  indicated  that  the  perforated  impact  plate  and 
louver  arrangement  was  an  effective  design. 


> 
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EXAMPLES  OF  VARIOUS  CONCEPTS  TESTED 


ARTIST'S  CONCEPT  OF  DIFFUSER  MODEL  SHOWING 
THREE  LEVELS  OF  INSERTS 


Figure  6-1 

Conceptual  Design  of  the  D i ffuser  and  Components 
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Figure  6-2 

Diffuser  Designs  Tested  by  HRS 


THE  SINGLE-BARREL  DIFFUSER 

The  single-barrel  diffuser  is  used  in  the  SG  condenser 
unit.  The  dimension  of  the  diffuser  was  limited  to  a  box  struc 
ture  4  ft  long  by  3-1/2  ft  wide  by  4  ft  deep. 


6.4.1  Preliminary  NAVSEASYSCOM  Designs.  NAVSEASYSCOM  provided 
HRS  with  two  preliminary  sea-chest  diffuser  designs  for  evalu¬ 
ation.  As  shown  in  Figure  6-3,  the  impact  chamber  consisted  of 
two  semicircular  cups  concaved  upward  and  located  directly 
under  the  discharge  line.  The  guide  vanes,  located  on  the 
sides,  were  designed  to  change  flow  direction. 

Tests  of  the  diffuser  yielded  rotational  flow  patterns, 
with  the  discharge  branching  into  two  streams,  due  to  the  de¬ 
sign  of  the  two  semicircular  cups.  It  was  evident  that 
further  modification  of  the  impact  chamber  was  'ceguired  to 
achieve  better  flow  ci  istr  ibut  ions . 
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6.4.2  Single-Barrel  Diffuser  Development.  Various  impact  cham¬ 
ber  arrangements  were  tested  and  compared  with  the  original  two 
NAVSEASYSCOM  semicircular  impact  chamber  diffusers.  The  con¬ 
figurations  included  an  enclosed  and  a  semi-enclosed  rectan¬ 
gular  chamber  both  with  and  without  a  roof  structure,  plus  a 
circular  impact  chamber  and  impact  plates.  Figure  6-4  shows 
the  different  components  tested. 

The  evaluation  of  these  various  arrangements  revealed  that 
the  semi-enclosed  rectangular  chamber  with  rows  of  perforated 
3-inch  circular  openings  at  the  side  walls,  and  with  bottom 
slots,  provided  satisfactory  velocity  distributions  at  the  lou¬ 
vered  exit. 


Figure  6-4 

Diffuser  Test  Components 

6.4.3  Final  Single-Barrel  Design.  The  final  single-barrel 
diffuser  design  was  obtained  as  the  result  of  the  optimization 
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tests.  Figure  6-5  shows  the  final  design  of  t'^e  single-barrel 
diffuser.  This  design  was  tested  at  pumping  conditions  of 
5,890,  4,800  and  2,100  gpm  with  keel  clearance  of  13  ft.  The 
results  of  these  tests  revealed  a  maximum  velocity  of  2.8 
ft/sec  at  the  exit.  This  velocity  was  reduced  to  1.3  ft/sec 
near  the  sea  floor  in  the  direction  away  from  the  suction  sea 
chest  (see  Figure  6-11).  The  back  pressure  to  the  discharge 
pipe  was  equal  to  10  inches  of  water  head  for  a  pumping  rate 
of  5,890  gpm.  Figure  6-6  illustrates  the  dimensions  of  the 
final  recommended  single-barrel  diffuser. 
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Figure  6-6 

Final  Recommended  Single-Barrel  Diffuser 
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6.5  THE  DOUBLE-BARREL  DIFFUSER 

The  preliminary  design  dimensions  for  the  double-barrel 
discharge  diffuser  were  8  ft  long  by  3-1/2  ft  wide  by  4  ft 
deep.  The  inner  barrel  has  an  impact  diverter  with  a  roof 
design  to  divert  the  flow  toward  a  2-f t-diameter  lightening 
hole  on  the  separation  wall  between  the  inner  and  the  outer 
barrels.  In  the  other  compartment,  seven  louvers  located  at 
the  bottom  guide  the  flow  in  the  direction  of  the  stern. 
Figure  6-7  illustrates  the  preliminary  double-barrel  diffuser 
design. 


Figure  6-7 

Preliminary  Double-Barrel  Diffuser  Design 
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6.5.1  Double-Barrel  Diffuser  Development.  The  diffuser  was 
subjected  to  base  tests  to  determine  the  effectiveness  of  the 
velocity  reduction.  Observation  of  the  flow  patterns  revealed 
uneven-flow  velocity  distributions  at  the  louver  exit.  These 
distributions  were  found  to  result  from  the  diversion  of  incom¬ 
ing  flow  at  the  inner  barrel  through  the  lightening  hole.  When 
the  flow  entered  the  outer  compartment  at  high  momentum,  it  im¬ 
pacted  on  the  outside  wall,  then  deflected  back  with  concentrated 
jet  flow  patterns  out  of  the  louvers. 

6.5.2  Final  Double-Barrel  Design.  As  vsith  the  single-barrel 
discharge  diffuser,  several  impact  arrangements  were  tested. 

These  arrangements  included  rectangular  and  circular  chambers 
with  perforated  walls  at  the  inner  compartment  to  dissipate 
energy,  and  a  baffle  beam  design  at  the  outer  compartment  to 
redistribute  the  flow. 

Evaluations  indicated  that  a  design  incorporating  a  semi- 
enclosed  rectangular  impact  chamber  at  the  inner  compartment, 
and  two  parallel  baffle  beams  with  port-to-starboard  orientation 
at  the  outer  compartment,  provided  a  good  exit  velocity  distri¬ 
bution.  This  design  is  therefore  recommended  as  an  effective 
onboard  solution.  The  final  recommended  design  is  presented 
in  Figures  6-8,  6-9,  and  6-10. 


6-11 


A 


i 


Figure  6-8 

Final  Design  of  the  Double-Barrel  Diffuser 


;  Figure  6-9 

Final  Recommended  Double-Barrel  Diffuser 

.  i 
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Figure  6-10 

Final  Recommended  Double-Barrel  Diffuser 
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6.6  VERIFICATION  STUDIES 

The  final  recommended  diffuser  designs  were  then  subjected 
to  various  operational  conditions  to  verify  their  operational 
characteristics . 

6.6.1  Pier-Side  Berthing  Simulation.  With  the  discharge  dif¬ 
fusers  in  place,  pumping  rates  of  5,890,  4,800  and  2,100  gpm 
were  tested  for  the  SG  discharge  sea  chests.  A  dye  probe  was 
used  to  observe  the  exit  flow  patterns,  and  an  electromagnetic 
velocity  meter  was  used  to  measure  the  velocity  distributions. 

Excellent  flow  conditions  were  obtained.  Figure  6-11 
shows  the  flow  patterns  resulting  from  the  two  final  diffusers. 
Figure  6-12  shows  the  flow  patterns  and  velocity  measurements 
obtained  from  these  tests. 

6.6.2  Ship-In-Motion  Simulation.  An  alternative  method  of 
ship-in-motion  simulation  was  adopted  by  moving  the  flow 
beneath  the  stationary  platform  to  obtain  the  relative  veloc¬ 
ities.  The  flow  patterns  of  a  ship  moving  at  < peeds  of  5  and 
12  knots  with  a  pumping  rate  of  5,890  gpm  on  the  SG  discharge 
were  recorded,  and  are  shown  in  Figure  6-13.  The  results 
indicated  that  with  the  diffuser  as  the  onboard  solution, 
problems  will  not  be  encountered  during  ship-moving  opera¬ 
tions  . 
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Figure  6-11 

Flow  Patterns  Resulting  from  Two  Final  Diffusers 


Figure  6-13 

Flow  Patterns  from  Moving-Ship  Simulation 

6.6.3  Sea  Bottom  Scouring  and  Fouling  Tests.  Both  single- 
and  double-barrel  discharge  diffusers  were  tested  using  a 
thick  layer  of  mixed  walnut-shell/green  algae  lying  at  the 
bottom  of  the  berthing  tank.  Flow  rates  of  5,890,  4,800,  and 
2,100  gpm  were  examined  using  a  13-foot  underkeel  clearance. 
The  primary  purposes  of  this  test  were  to  qualitatively  assess 
the  scouring  of  the  bottom  material,  and  to  investigate  the 
insufflation  of  material  into  the  suction  sea  chests. 
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Observation  of  the  sea-bottom  material  scouring  revealed 
that  the  bottom  layer  was  only  superficially  disturbed,  and  a 
slight  depression  produced.  Very  small  amounts  of  the  floating 
material  approached  the  suction  sea  chest  as  a  result  of  this 
minor  disturbance  of  the  flow  field. 

6.7  CONCLUSIONS  ON  ONBOARD  SOLUTIONS 

The  previously  described  test  program  concluded  the  study 
on  the  SG  diffuser  units.  The  problem  of  the  main  circulating 
cooling  system  had  not  yet  been  solved.  However,  according  to 
the  Navy  personnel,  the  main  circulating  cooling  system  does 
not  have  to  be  operated  at  full  capacity  during  berthing  and 
light  off  operations.  This  provides  a  very  promising  fouling 
control  measure  by  simply  cutting  down  the  pumping  rate  on  the 
main  circulating  system  sea  chests. 

It  was  concluded  that  with  the  diffuser  as  the  on¬ 
board  solution,  and  deepening  of  the  berthing  area 
to  50  ft,  the  fouling  of  the  suction  sea  chest  can 
be  minimized. 

6.8  CONCEPT  OF  SOLIDIFICATION  OF  SEA  FLOOR 

An  alternative  technique  for  controlling  the  fouling  phe¬ 
nomena  could  utilize  the  previously  discussed  "jet  on  solid 
boundary"  concept.  This  concept  naturally  falls  into  the  cate¬ 
gory  of  onsite  solutions. 

6.8.1  Preliminary  Test.  A  test  was  conducted  to  investigate 
whether  a  solid  bottom  underneath  the  discharge  sea  chest  would 
improve  sediment  control.  A  thin  layer  of  walnut  shell  was 
paved  on  top  of  a  piece  of  acrylic  Plexiglas  platform  to  simu¬ 
late  a  section  of  solid  sea  floor.  With  the  main  circulating 
cooling  system  in  operation,  the  discharge  pushed  away  the  thin 
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layer  of  sediment  without  further  digging  iown  into  the  sea  hot 
tom.  This  reiiuced  the  chance  of  sea-chest  clogging.  Figure 
6-14  shows  the  concept  of  sea-floor  sol  id i f  icat ions ,  and  "iguro 
6- IS  shows  the  resulting  scour  patterns. 
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APPENDIX  A 

HYDRODYNAMIC  PROPERTIES  OF  MARINE  ORGANISMS 
(By  Dr.  R.  J.  Diaz  of  VIMS) 

Hydrodynamic  properties  of  the  fouling  organisms  were  mea¬ 
sured  in  the  laboratory  using  the  VIMS  hydraulic  flume  [31]  [32]. 

The  flume  has  a  48-ft  long  by  3-ft  by  3-ft  test  section  with  a 
smooth  level  floor.  Current  velocities  in  the  test  section 
were  adjustable  from  0  to  2.8-ft/sec.  The  overall  uniformity 
of  velocity  versus  depth  is  within  2  to  3%. 

A.l  DENSITY  OF  THE  ORGANISMS 

Density  of  the  organisms  was  measured  by  a  volume  displace¬ 
ment  method.  The  volume  of  a  given  quantity  of  organisms  was 
estimated  from  the  amount  of  water  they  displaced  in  a  1,000 
ml  graduated  cylinder.  The  mass  of  the  same  quantity  was  then 
estimated  using  a  sartorius  balance.  The  average  density  for 
live  hydroids  was  1.026-g/cc;  for  live  bryozoans  1.087-g/cc; 
for  dead  and  buried  hydroids  1.128-g/cc;  and  for  dead  and 
buried  bryozoans  1.187-g/cc.  The  higher  densities  for  dead 
organisms  resulted  from  the  inclusion  of  sediment  particles 
within  the  skeletal  remains  of  the  organisms. 

A. 2  MOTION  OF  ORGANISMS  IN  FLOW 

For  this  series  of  tests,  organisms  were  placed  on  the 
floor  of  the  flume,  and  the  flume  velocity  increased  until  the 
organisms  began  to  roll.  Several  parameters  were  measured,  in¬ 
cluding:  critical  flow  velocity,  and  initiation  of  motion 

velocity.  Critical  flow  velocity  was  determined  for  indivi¬ 
dual  colonies  and  for  a  large  cluster  of  colonies  of  various 
sizes.  Flume  velocity  was  increased  from  zero  to  the  point 
where  waving  and  saltation  of  colonies  occurred.  Results 
are  summarized  in  Table  A-1. 
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TABLE  A-1 

Critical  Flow  Velocity 

Individual  Colony  Hydroids  live 
Individual  Colony  Hydroids  dead 
Individual  Colony  Bryozoans  live 
Individual  Colony  Bryozoans  dead 
Mixed  Colonies  Hydroids 
Mixed  Colonies  Bryozoans 


0.05  fps 
0.22  fps 
0.20  fps 
0.22  fps 

0.07  to  0.08  fps 
0.20  to  0.23  fps 


Individual  live  colonies  of  hydroids  have  the  lowest  criti¬ 
cal  flow  velocity,  and  are  very  easily  moved  along  the  flat  floor 
of  the  flume.  Dead  hydroids  that  have  been  buried  have  mud  in¬ 
corporated  into  their  hollow  skeletons,  and  are  harder  to  move. 
With  bryozoans  it  makes  little  difference  as  to  whether  they 
are  live  or  dead. 

When  a  large  amount  of  organisms  was  placed  in  the  flume 
test  section  (about  20-lb)  the  intertwining  of  the  colonies  in¬ 
creased  the  resistance  to  movement,  increasing  the  critical 
flow  velocity.  This  mix  of  colonies  probably  represents  a  more 
realistic  picture  of  what  occurs  in  the  prototype  system  than 


the  individual  colony  measurements. 


Initiation  of  motion  velocities,  defined  as  the  flume  velo 
city  needed  to  cause  sustained  motion  of  colonies,  were  esti¬ 
mated  similarly  to  critical  flow  velocities.  Results  are  sum¬ 
marized  in  Tables  A-2  and  A-3. 

TABLE  A-2 

Initiation  of  Motion  Velocity  (I) 


Individual  live  colony 


Hydroids  j  Bryozoans 


wet  weight 


wet  weight 
(grams ) 


velocity 
(  fps) 


(grams ) 


velocity 

(fps) 


N00014-80-C-0395 


TABLE  A- 3 

Initiation  of  Motion  Velocity  (II) 


Mixed  live  &  dead  colonies 

Hydroids 

velocity 

(fps) 

Bryozoans 

velocity 

(fps) 

0.14  to  0.17 

0.28  to  0.32 

For  hydroids  the  size  of  the  colony  strongly  affects  the 
initiation  of  motion  velocity.  With  bryozoans  the  effect  of 
size  on  velocity  is  not  as  strong.  Again  as  with  the  critical 
flow  velocity/  the  initiation  of  motion  velocity  is  higher  for 
a  mix  of  colonies/  and  probably  represents  a  more  realistic  view 
of  the  prototype. 

A. 3  FALL  VELOCITY  OF  ORGANISMS 

Fall  velocity  was  determined  in  a  standing  body  of  water 
about  3-ft  deep.  Organisms  were  placed  below  the  water  surface 
released,  and  after  achieving  terminal  velocity  timed  across  a 
measured  depth  of  water.  Results  are  summarized  in  Tables  A-4 
and  A-5. 

The  size  of  the  hydroid  colony,  expressed  as  a  wet  weight, 
influenced  the  fall  velocity.  Larger  live  colonies  sank 
faster.  Dead  colonies  of  equal  size  to  live  colonies  had 
faster  fall  velocities,  due  to  the  higher  density  of  the  dead 
colonies.  With  the  bryozoans  there  was  no  clear  relationship 
to  size  of  colony  and  fall  velocity.  That  dead  colonies  of 
bryozoans  had  smaller  fall  velocities  than  live  colonies  is 
unexplainable,  and  may  require  further  testing. 


I  TABLE  A- 5 

Fall  Velocity  of  Organisms  (Bryozoans) 


Live  colonies 
—  Winter  1980  growth  — 

Dead  colonies 
—  Winter  1979  growth  — 

wet  weight 
(grams) 

fall  velocity 
( fps) 

wet  weight 
(grams ) 

fall  velocity 
( fps) 

278.0 

0.22 

77.2 

0.09 

130.0 

0.21 

42.4 

0.11 

94.0 

0.29 

20.5 

0.13 

45.0 

0.27 

18.2 

0.16 

28.0 

0.25 

9.1 

0.13 

22.0 

0.26 

8.2 

0.12 

17.0 

0.22 

3.7 

0.16 

3.3 

0.21 
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APPENDIX  B 

PHYSICAL  MODEL  TESTS  AND  RESULTS 

B.l  THE  PHYSICAL  MODEL  SETUP 


B.1.1  Key  Elements  of  Model  Setup 

The  model  of  the  underkeel  clearance  study  was  constructed 
to  an  undistorted  linear-scale  ratio,  model  to  prototype,  of 
1:10.  The  model  was  built  to  be  flexible  enough  to  make  the 
components  readily  exchangeable  if  the  need  arose  for  the 
revisions  to  the  model  structure.  The  model  consisted  of  four 
main  components: 

•  The  facility  (the  HRS  berthing  tank) 

•  The  model  proper  (the  sectional  sea-chest  model) 

•  Auxiliary  equipment 

•  Instrumentation. 

B.l. 2  The  Berthing  Tank  —  The  Model  Housing 

The  sectional  sea-chest  model  was  constructed  and  then 
installed  in  the  HRS  berthing  tank.  This  tank  is  a  permanent 
HRS  facility  6.3  ft  wide  and  6  ft  deep.  The  side  walls  and 
floor  of  the  tank  are  made  of  clear  acrylic  plastic  to  enable 
easy  observation  of  flow  patterns. 

3.1.3  The  Model  Proper 

The  model  proper  encompassed  significant  sections  of  the 
bottom  hull  of  the  CVN  69  aircraft  carrier,  shown  in  Figure 
4-2,  where  assessment  of  sea-chest  fouling  was  to  be  performed 
These  critical  sections  included: 

•  Suction  sea  chest  with  strainer  plate  for  SG 
Units  #43  and  #53 

•  Discharge  sea  chest  for  SG  Units  #45  and  #57 
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•  Main  circulating  system  suction  sea  chest  with  in¬ 
let  strainer  bars  for  Unit  #41 

•  Main  circulating  system  discharge  sea  chest  for 
Unit  #46. 

B.1.4  The  Auxiliary  Equipment 

The  actual  model  components  were  augmented  by  auxiliary 
equipment,  including:  sumps  to  store  water,  centrifugal  pumps 
to  circulate  the  flow  through  the  model,  and  a  system  of  dis¬ 
charge  valves  and  butterfly  valves  to  regulate  the  flow  for 
the  simulation  of  the  sea-chest  pumping  conditions. 

B.1.5  The  Instrumentation 

The  primary  metering  devices  used  to  measure  flow  veloc¬ 
ities  and  pressures  included:  Pitot  tube,  current  meters,  dye 
probes,  pressure  transducers  and  piezometers,  and  orifice 
meters  to  monitor  the  flow  rates.  Higher  velocities  were 
measured  using  a  conventional  Pitot  tube  with  a  minimum  read¬ 
ing  of  0.3  feet  per  second  (fps)  (prototype  value)  and  an 
electromagnetic  water  current  meter  with  a  minimum  reading  of 
0.2  fps  (prototype  value). 

The  electromagnetic  velocity  meter  was  equipped  with  a 
calibration  check  mechanism  to  monitor  the  magnetic  drive  sig¬ 
nal  and  channel  amplifiers  to  ensure  that  the  calibration  re¬ 
mained  the  same  as  that  preset  at  the  factory.  A  calibration 
check  was  performed  every  time  an  experiment  was  conducted. 

The  Pitot  tube  measurements  were  compared  with  the  electromag¬ 
netic  meter  simultaneously  operated  in  the  model. 

Dye  meters  were  used  to  observe  and  record  flow  patterns 
and  any  other  eddy  formations.  Subsurface  patterns  were  deter¬ 
mined  by  means  of  dye  introduced  into  the  model  at  the  desired 
depths.  The  differential  pressure  transducers  used  in  the 
pressure  measurement  study  were  equipped  with  replaceable  dia¬ 
phragms  to  measure  pressure  fluctuations  from  0.1  to  25  psi. 
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The  2-channel  oscillographic  recorder  recorded  pressure- 
variation  dispatches  through  the  transducers  at  locations  of 
the  sea  floor  beneath  the  jet. 

B. 2  THE  MODEL  LAWS 

The  similitude  relationships  between  the  model  and  the 
prototype  for  flows  in  the  study  are  based  on  the  Froude  Law. 

The  resulting  mathematical  relationships  between  the  basic  hy¬ 
draulic  quantities  of  the  model  and  the  prototype  are  summarized 
in  Table  B-1.  The  scale  relationships  in  this  table  can  be 
used  CO  transfer  quantitatively  the  discharge,  depth  of  flow, 
and  the  velocity  of  flow  from  the  model  to  the  prototype. 


TABLE  B-1 

Similitude  Relationships 


Dimension 


Ratio  of  model 
to  prototype 


Scale 

Relationships 


Length 


Area 


Time 


Velocitv 


Discharge 


r  u 

L„  =  m 


A  = 


(L  ) 
r 


T  =  (L  ) 
r  r 


V  =  (L  ) 
r  r 


Or  =  (L^) 


1/2 


1/2 


5/2 


1:10 


1:100 


1:3.16 


1:3.16 


1:316 


B-3 
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B.3  THE  STATISTICAL  DESIGN  DATA 


B.3.1  Structural  Design  Data 

Data  pertinent  to  structural  features  of  the  original 
sea-chest  design  are  summarized  in  Table  B-2. 

TABLE  B-2 

Sea-Chest  Structural  Features 


Service  Generator  (SG)  suction  opening 

37-1/8"  X 

30-3/8" 

Service  Generator  discharge  opening 

16"  circular 

Main  Circulation  System  suction 
opening 

42-13/16" 

X  28-13/16 

Main  Circulation  System  discharge 
opening 

69-13/16" 

X  46-13/16 

Underkeel  clearance 

5',  13', 

and  21' 

B.3. 2  Hydraulic  Design  Data 

The  hydraulic  design  data  related  to  the  model  investi¬ 
gations  are  summarized  in  Table  B-3. 

TABLE  B-3 

Hydraulic  Design  Data 

SG  circulation  flow  rate  5,890  gpm 

(Full  Capacity) 

Main  Circulation  System  flow  rate  25,000  gpm 

(Full  Capacity) 

Ship  speed  0  to  15  knots 

B.4  PHYSICAL  MODEL  LIMITATIONS 


B . 4 . 1  Similarity  Limitations 

Similarity  between  the  model  and  the  prototype  was  ob¬ 
tained  in  accordance  with  the  Froude  Law,  which  assumes 
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gravity  as  the  dominant  force.  Since  complete  dynamic  simil¬ 
itude  and  accurate  reproduction  of  some  properties  of  the 
prototype  materials  are  not  possible,  some  limitations  must 
be  imposed  on  the  model  results. 

B.4.2  Scour  Interpretations 

Data  on  scour  are  to  be  considered  as  qualitatively 
reliable,  since  it  has  not  yet  been  found  practical  to  re¬ 
produce  quantitatively  the  resistance  to  erosion  of  a  proto¬ 
type  bed  material  in  a  model.  The  observed  scour  data  served 
as  a  basis  for  determining  the  relative  effectiveness  of  the 
types  and  placement  of  the  protective  elements,  as  well  as 
indicating  areas  most  vulnerable  to  erosive  attacks. 

B.4.3  Air-Entrainment  Considerations 

Air  entrainment  cannot  be  modeled  by  the  Froude  Law 
alone.  Air  entrainment  is  a  function  of  the  flow  velocity, 
depth  and  distance  traveled,  or,  in  the  case  of  a  trajectory, 
the  flight  path.  At  present  there  is  no  acceptable  method  to 
correlate  air  entrainment  between  the  model  and  the  prototype. 

B.4.4  Simulation  of  Turbomachinery 

The  sea  chests  were  the  terminal  components  of  the  model 
proper,  therefore,  neither  the  prototype  turbomachinery  nor  a 
model  scale  relationship  for  this  type  of  turbomachinery  was 
established.  Instead,  the  properly-scaled  discharge  quantities 
were  used  to  simulate  prototype  turbomachinery  discharges. 
Therefore,  the  model  should  be  considered  as  representative 
only  within  the  confines  of  the  terminal  sections  of  turbo¬ 
machinery  structures. 

B.4.5  Limitations  of  the  Sea-Chest  Model 

Within  the  scope  of  model  interpretation  and  limitations, 
the  sea-chest  model  proper  is  only  a  partial  model  taken  out 


B-5 


N00014-80-C-0395 


of  context  from  a  total  functional  system.  It  is  thus  some¬ 
what  limited  in  its  predictive  applicability. 

B.5  MODEL  TESTS  AND  RESULTS 


B.5.1  Jet  Impinging  on  a  Solid  Boundary 
B.5. 1.1  Jet  Regions 

Three  distinct  regions  of  flow  can  be  recognized  on  a 
circular  jet  impinging  normally  on  a  plate.  The  flow  at  the 
immediate  area  surrounding  the  jet  opening  tends  to  discharge 
freely,  as  it  is  not  influenced  by  bottom  boundary  effects. 

The  flow  characteristics  in  this  region  are  therefore  desig¬ 
nated  as  "free  jet". 

Beyond  the  free-jet  region  the  jet  undergoes  considerable 
deflection.  Close  to  the  boundary,  the  flow  becomes  almost 
parallel  to  the  plane  wall.  The  flow  characteristics  in 
the  vicinity  of  the  plane-impact  zone  are  therefore  designated 
as  the  "impingement"  region  and  the  "wall  jet"  region. 

Figure  B-1  illustrates  a  jet  impinging  on  a  solid  boundary. 

B.5. 1.2  SG  Discharge  Velocity  Measurements 

As  mentioned  in  Section  B.1.5,  the  velocity  distribution 
of  the  SG  discharge  was  recorded  using  an  electromagnetic  flow 
meter.  The  observed  conditions  included  three  underkeel 
clearances  and  three  pumping  rates. 

Figure  B-2  shows  the  SG  discharge  velocity  distributions. 
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Service  Generator  Discharge  Sea  Chest 
Free  Jet  Region  I 


Impingement  Region  II 

Jt — Wall  Jet  Region  III 
III 


SOLID  BOUNDARY 


Figure  B-l 

Jet  Impinging  on  a  Solid  Boundary 
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Figure  B-2 

SG  Discharge  Velocity  Distributions 
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Table  B-4  is  an  example  of  the  velocity  data  obtained  from 
the  observations. 


TABLE  B-4 

Sample  Circular  Jet  Velocity  Data 


(^n^S-ft/^ 

Ratio  of  normal  velocity 
measured  at  EL.  5  ft  to 
the  maximum  exit  velocity 

Underkeel 

Clearance 

Q  =  5890  gpm 

V  =10.5  fps 
o 

Q  =  4800  gpm 

V  =9.5  fps 
o 

Q  =2100  gpm 

V  =4.5  fps 
o 

5  ft 

0.9  -  0.95 

0.9  -  0.95 

0.9  -  0.95 

13  ft 

0.7  -  0.75 

0.65 

0.55 

21  ft 

0.55 

— 

— 

The  measurements  from  this  study  correlated  with  the  avail' 
able  data  of  other  experiments  in  terms  of  normal  velocity 
V^,  radial  velocity  and  bottom  pressure  Ap.  Excellent  cor¬ 
relations  were  found  to  exist  between  HRS  findings  and  the  data 
of  other  investigators. 

The  key  variables  of  a  jet  include;  the  diam¬ 
eter  of  the  jet  nozzle  D,  the  exit  velocity 

V  ,  the  normal  velocity  V  ,  the  radial  veloc- 
o  ^ 

ity  V^,  the  bottom  pressure  differential  A Pf 
and  the  bottom  shear  stress  T. 

B.5.1.3  Main  Circulating  System  Discharge  Sea-Chest  Velocity 
Measurements 

The  main  circulating  system  discharge  sea  chest  has  a 
circular-to-elliptical  transitional  cross  section  much  like 
a  boot.  The  exit  velocity  therefore  has  a  skewed  distribution 
in  the  direction  of  the  stern  as  shown  in  Figure  B-3. 
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MAIN  CIRCULATING  DISCHARGE  OPENING 

Q  =  25,000  gpm  Velocity  measurements 

are  the  maximum  re¬ 
cording  for  each 
measured  plane. 


Figure  B-3 

Main  Circulating  System  Discharge  Sea  Chest 
Velocity  Distributions 

B.5.2  Jet  Impinging  on  a  Movable  Boundary 


B.5.2.1  Jet  Regions 

The  jet  regions  for  the  movable  boundary  can  be  divided 
into  three  regions:  the  free  jet  region,  the  impingement 
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region,  and  the  boundary  jet  region.  The  jet  impinging  on  a 
movable  boundary  is  a  dynamic  process.  It  digs  down  to  the 
bottom  and  forms  a  perpetuated  eddy  pattern,  scouring  the 
bottom  materials.  Figure  B-4  illustrates  the  concept  of  a 
jet  impinging  on  a  movable  boundary. 


Figure  B-4 

Jet  Impinging  on  a  Movable  Boundary 

B . 5 . 2 . 2  SG  Discharge  Velocity  Measurements 

The  velocity  distribution  of  the  SG  discharge  jet  im¬ 
pinging  on  a  movable  bottom  was  recorded.  The  model  material 
included  sand  (to  simulate  sand)  and  walnut  shells  (to  simu¬ 
late  mud).  The  jet  velocity  distributions  on  sand  and  mud 
bottoms  are  presented  in  Figures  B-5  and  B-6,  respectively. 
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Figure  B-5 

Flow  Field  on  Movable  Boundary  (Mud) 


Axial  Distance  (Feet) 
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B.5.2.4  Scouring  Mechanisms 

From  the  jet  on  movable  bottom  tests,  the  following  two 
types  of  scouring  mechanisms  were  hypothesized: 

Noncohesive  Material  (sand):  the  flow  impinged  onto  the 
bottom  layer,  eroded  the  material,  and  created  a  scour  hole  in 
the  stagnation  region.  The  movement  of  the  particles  began 
when  the  bottom  shear  exceeded  the  critical  shear.  Away  from 
the  stagnation  region  jet  flow  characteristics  were  found,  and 
the  jet  velocity  decreased  its  strength  in  the  radial  direc¬ 
tion.  This  dispersing  led  to  deposition  along  the  inner 
flanks  of  the  scour  hole  —  reaching  a  dynamic  equilibrium 
condition  following  an  adequate  period  of  time. 

Cohesive  Material  (mud);  the  flow  dug  to  the  bottom  and 
resulted  in  circulatory  eddy  patterns.  Above  the  scour  hole 
the  boundary  of  the  hole  was  bigger  and  deeper  than  the  non¬ 
cohesive  material  hole.  In  both  cases  bottom  material  was 
moved  upward  and  carried  by  the  current  drifting  under  the 
ship,  which  increased  the  chance  of  sea-chest  clogging. 

The  resulting  scour  holes  for  sand  bed  (to  simulate  sand) 
and  walnut  shell  bed  (to  simulate  mud)  are  shown  in  Figure 
B-7. 
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Q  =  5890  gpm 


Figure  B-7 

Composite  of  Physical  Model  Scour  Study 
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APPENDIX  C 

DEVELOPMENT  OF  THE  NUMERICAL  MODEL 

C. 1  THE  ALGORITHM  OF  JET  SIMULATION 

The  impingement  of  a  jet  on  a  flat  or  movable  bottom  has 
been  observed  by  many  investigators  in  the  last  two  decades. 

[22]  [24]  [26]  [29]  The  flow  field  of  this  problem  has  been 

defined  in  three  regions:  the  free  jet,  impingement,  and  wall 
jet  regions.  Since  laboratory  data  are  available  concerning  jet 
impingement  on  a  solid  boundary,  the  present  effort  concerns 
the  definition  of  a  general  equation  for  the  problem  based  on 
the  laboratory  data,  and  the  development  of  a  numerical  model 
to  calculate  the  flow  field  under  the  impingement  of  a  jet. 

C.1.1  Free  Jet  Region 

In  the  free  jet  region  the  flow  characteristics  are 
identical  to  those  of  the  free  jet.  A  dimensionless  form  of 
the  axial  velocity  for  a  jet  with  diameter  of  the  nozzle  D  may 
be  obtained  as  follows: 


V  -0.0693’!' 

U  =  ® 
c 


for  r^r^^ 


c 


for  r<r. 


r  -  r . 


where  H  = 


— -  and  U  is  the  axial  velocity  along  the  center- 

b  c 


line,  r  is  the  radial  distance  from  the  center  to  the  point  of 
interest,  and  r^  is  the  center  core  radius  in  the  radial  direc¬ 
tion  which  can  be  expressed  as: 


=  0.39D  -  0.065  x  for  x£6D 


r,  =  0 


for  x>6D 
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ra 


f 

S.'  ■ 

k' 


I  . 

; 


L- 


where  x  is  the  axial  distance  from  nozzle  to  the  point  of  in¬ 
terest,  and  b  =  0.115D  +  0.087x. 

C.1.2  Impingement  Region 

In  the  impingement  region,  the  flow  starts  to  change 
direction  from  the  free  jet  to  the  wall  jet.  It  was  found 
that  the  axial  velocity  distributions  along  the  radial  direc¬ 
tion  for  any  given  depth  have  the  same  form  as  the  free  jet 
region,  that  is: 

V  ^-0.06937^  ... 

U  =  e  (5) 

m 

where  is  the  axial  velocity  at  r^^  and  given  the  following  de 
f initions : 

U 

^  =  1,  for  H>6D  (6) 


U 

^  =  1.15,  for  H<6D  and  H-xj<0 . 7D  (7) 

U 

=  1,  for  H<6D  and  H-x>0.7D  (8) 

c 

H  is  the  total  depth  from  the  nozzle  to  the  flat  bottom.  If 
r^^  is  greater  than  zero,  then  the  axial  velocity  between  the 
center  to  r^  has  the  following  form: 

U  =  U  +  (U^-U^)  A^(2-A^)  (9) 

c  m  ^ 

where  A  =  — . 
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Tani  and  Komatsu  [26]  presented  the  jet  centerline  velocity 
with  axial  distance  for  three  different  water  depths:  four, 
eight,  and  twelve  times  the  diameter  of  the  nozzle.  The  solid 
line  in  Figure  C-1  summarizes  the  results  of  their  experimental 
data.  There  is  difficulty  in  using  these  data  to  develop  a 
general  model  for  any  total  depth  of  interest,  because  there 
is  no  simple  general  form  for  the  results.  Based  on  Beltaos 
and  Rajaratnam's  study  [29],  a  general  trend  for  the  total 
depth  less  than  5.17  nozzle  diameters  is  presented  in  Figure 
C-2. 

A  new  parameter  was  defined  to  analyze  Tani  and  Komatsu's 
results  for  the  total  water  depth  equal  to  eight  and  twelve 
times  the  nozzle  diameter.  This  parameter  is  U^,  the  reference 
velocity,  and  is  equal  to  the  centerline  velocity  at  the  in¬ 
tersection  of  the  free  jet  and  impingement  region.  This  point 
is  located  at  a  distance  of  about  two  nozzle  diameters.  Figure 
C-3  presents  the  result  of  the  new  approach,  and  shows  the 
general  form  for  the  two  different  total  depths. 

A  numerical  model  was  developed  to  calculate  the  jet  center 
line  velocities  based  on  the  least  square  fitting  of  Figures  C-2 
and  C-3.  If  the  total  depth  is  less  than  six  nozzle  diameters, 
the  jet  centerline  velocity  was  based  on  Figure  C-2.  Otherwise, 
it  was  based  on  Figure  C-3.  The  numerical  results  for  the  jet 
centerline  velocity  is  compared  with  the  laboratory  data  in  Fi¬ 
gure  C-1,  and  shows  that  the  numerical  results  are  in  reasonable 
agreement  with  the  experimental  data. 

C.1.3  Wall  Jet  Region 

In  the  wall  jet  region  the  flow  spreads  out  radially  over 
the  bottom.  Figure  C-4  illustrates  the  measured  velocity  re¬ 
sulting  from  various  depths.  Again,  there  is  a  general  trend 
for  the  cases  of  the  total  depth  of  eight  or  twelve  nozzle 
diameters.  A  least  square  fitting  for  these  two  curves  pre¬ 
sents  the  general  form  for  the  case  of  a  total  depth  greater 
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Figure  C-2 

Variation  of  Circular  Jet  Centerline  Velocity 
from  the  Bottom  (Beltaos  and  Rajaratnam,  1977) 
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Tani  and  Komatsu  (1964) 
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Figure  C-6 

Variation  of  Surface  Pressure  with  Radial  Distance 
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It  was  found  that  the  shear  stress  can  be  derived  from  the  fol¬ 
lowing  empirical  results:  ^ 

T=  1.270  ^  £  for  I  <  0.03  (10) 

^  H  ^  n 

» 

and 

T=  0.3  ^  5  > 

z  n  /  n 

I 

where 

P  =  the  density  of  the  fluid 

2,2  ^ 

K  =  '^Uo  ^ 

4 

=  the  average  velocity  at  the  jet  nozzle  ^ 

d  =  the  diameter  of  the  jet  nozzle 

H  =  the  distance  from  the  nozzle  to  the  bottom 

i 

^  =  the  kinematic  viscosity  of  the  fluid 

r  =  the  radial  distance  from  the  centerline  to 

the  location  of  interest. 

The  numerical  calculation  for  the  shear  stress  was  based  on  this 
relationship,  and  is  shown  in  Figure  C-7.  , 


I 


t 

i 


LO 
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Figure  C-7 

Shear  Stress  Distribution 

C.1.5  Movable  Boundaries 

There  is  little  existing  data  on  jet  impingement  on  mov¬ 
able  boundaries.  The  numerical  model  for  the  jet  impingement 
on  a  movable  bottom  was  developed  in  this  study  based  on 
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laboratory  data.  The  data  were  obtained  from  the  tests  of  5- 
and  13-foot  underkeel  clearances.  The  jet  nozzle  diameter  was 
16  in.  Two  different  bottom  materials  were  used  for  each  depth; 
sand  (to  simulate  sand),  and  walnut  shells  (to  simulate  mud). 

C.2  THE  ALGORITHM  OF  SINK  SIMULATIONS 


Governing  Equations 


In  simulating  the  sink  the  flow  is  assumed  to  be  inviscid 
incompressible,  and  irrotational .  The  stream  function,  \jj ,  can 
be  defined  by: 

u  .  i  If  (11) 


W  .  i  If  (12) 

where  r  is  the  radial  coordinate,  z  is  the  axial  coordinate, 
and  U  and  W  are  the  radial  and  axial  components  of  fluid  veloc 
ity,  respectively.  The  equation  of  irrotational ity  in  axisym- 
metric  flow  is: 

Substituting  Equations  11  and  12  into  Equation  13  yields  the 
following  equation  for  the  stream  function: 


^  1  a«A  _ 


C.2. 2  Boundary  Conditions 

The  boundary  conditions  applied  to  the  sink  model  are  as 
follows:  (1)  the  stream  function  xp  along  the  centerline  and 

the  surface  at  the  bottom  is  a  constant,  and  is  set  to  zero. 
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(2)  it  is  assumed  that  the  fluid  velocity  U  across  the  bound- 

o 

aries  of  the  incoming  flow  is  constant,  therefore  the  stream 

2 

function  lA  at  the  sink  opening  is  equal  to  1/2  Ur  (3)  the 

o 

stream  function  lA  on  the  free  surface  is  constant  and  is  equal 
2 

to  1/2  ,  where  r^  is  the  radius  of  the  sink  opening,  and 

(4)  the  downstream  stream  function  lA  along  the  axial  direction 
at  r  =  R  is  set  equal  to  the  stream  function  value  at  r  =  R  -  , 
where  R  is  the  total  radial  distance  in  the  calculation,  and 
Ar  is  the  grid  increment  in  the  radial  direction. 


C.2.3  Finite  Difference  Form 

Let  lAj^ j  »  U—  and  represent  tA{r^,  z ^  )  ,  U(r^,  )  and 

W(r^,  z J ,  respectively.  The  notation  (i,  j)  indicates  the 
intersecting  point  of  the  axial  grid  line  passing  through  r^ 
and  the  radial  grid  line  through  z,.  The  increment  of  the 
radial  grid  is  equal  to  Ar,  and  the  increment  of  the  axial 
grid  is  equal  to  Az.  The  finite-difference  approximations  of 
the  partial  derivatives  then  becomes: 


Substituting  Equations  15,  16,  and  17  into  Equation  14,  o 
obtains : 


+  +'^i-l,j  '^i,j  +  l  ^  ^ 
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When  Equation  18  is  applied  to  all  the  interior  points, 
there  are  (m-2)  (n-2)  algebraic  equations  that  automatically 
include  the  boundary  conditions,  where  m  and  n  are  the  total 
number  of  increments  in  the  axial  and  radial  directions  of  the 
rectangular  region.  Theoretically,  it  is  possible  to  solve 
these  equations  for  values  of  at  the  interior  grid  points; 
but  this  direct  procedure  is  tedious  and  time-consuming,  es¬ 
pecially  when  the  number  of  grid  points  is  large.  The  present 
numerical  model  uses  the  successive  over-relaxation  (S.O.R.) 
method  to  solve  the  problem.  This  method  used  the  following 
iteration  scheme  for  a  rectangular  domain  instead  of  Equation 


(k+i: 


=  (l-w)ip  .  .  + 


I  ^i+l,i  +  ^i  1,1 

I  A 


where  k  represents  the  kth  iteration. 

The  values  of  p  are  computed  for  the  next  iteration  by  ex¬ 
ecuting  Equation  19  at  every  interior  point  based  on  the  values 
of  \p  at  the  current  iteration.  The  sequence  of  computation 
starts  from  the  upper  left-most  interior  point,  proceeds  down¬ 
ward  until  reaching  the  bottom,  and  then  moves  to  the  top  of 
the  next  axial  line  on  the  right. 

This  process  is  repeated  until  the  next  value  of  p  at  the 
last  interior  point  at  the  lower  right  corner  has  been  obtained 
In  this  model,  the  values  of  p  are  first  estimated  at  all  in¬ 
terior  points,  in  addition  to  those  prescribed  at  the  boundary. 
These  values  are; 
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The  value  of  w  in  Equation  19  is  a  constant,  and 


8-4  V4-a 


where 


cos(— )  +  cos(— ) 
n\  n 


The  error  of  the  stream  function  values  is  defined  as 


Jm-l  n-1  / 

i=2  i=2 


•  (m-2) (n-2) 


In  the  present  model  if  the  value  of  ^  is  less  than  0.01,  the 
iteration  will  be  stopped  with  the  final  value  of  the  stream 
function  given.  The  central  finite-difference  approximations 
for  the  axial  and  radial  velocities  are: 


On  the  boundary,  the  forward  or  backward  finite-difference  ap 
proximations  may  be  used  for  the  axial  and  radial  velocities. 
They  are: 
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When  i  equals  one,  then 
ities  were  then  assumed 


r, ,  is  zero.  The  axial  and  radial  veloc 
11 

to  be  equal  the  value  at  i  equals  two: 


U 


Ij 


and 


(27) 


w 


Ij 


=  w 


2j 


(28) 


After  the  finite-difference  form  of  the  sink  mode  was  con¬ 
structed,  the  development  of  the  numerical  model  for  the  sink 
problem  proceeded. 
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APPENDIX  D 

KEY  WORDS  AND  DEFINITIONS 

Aircraft  Carrier  A  ship  equipped  with  a  takeoff  and  landing 

deck,  and  designed  to  serve  as  a  base  for 
aircraft  operations. 

Berthing  Area  The  port  or  harbor  slips  where  vessels  are 

anchored . 

A  threshold  value  of  the  shear  stress, 
above  which  the  particle  starts  to  move 
from  its  resting  position. 

Diffuser  A  structure  which  serves  the  function  of 

spreading  fluid  flow  through  various  ar¬ 
rangements  to  reduce  the  flow  concentra¬ 
tion  or  velocity  intensity. 

Discharge  Amount  of  fluid  flow  released  from  a  storage 

or  a  fluid  impelling  system. 

Draft  "he  vertical  distance  from  the  top  of  the 

keel  plate  of  a  vessel  to  the  load  water¬ 
line. 

Fall  Velocity  The  average  terminal  settling  velocity  of 

a  single  particle  in  distilled  water. 

Flocculating  The  collection  or  uniting  of  suspended 

sediment  to  form  a  mass. 

fps  f eet-per-second 

gpm  gallons-per-minute 


Critical  Shear 
Stress 
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Keel  Clearance  The  clear  space  between  a  vessel's  keel 

plate  and  the  sea  bottom. 

Light  off  The  operation  involved  in  preparation  of 

a  vessel's  departure  from  a  harbor. 

Main  Circulating  A  circulating  water  system  that  provides 

Cooling  System  for  cooling  of  a  vessel's  main  circulating 

system . 

Marine  Organism  Biological  species  which  exist  in  the  ma¬ 

rine  environment. 

MLW  Mean  low  water 

Movable  Boundary  A  boundary  that  can  be  deformed  by  exter¬ 
nal  pressures. 

Sea  Chest  A  pipe  between  a  ship's  side  and  a  flow 

control  device  for  transporting  water. 

Sea  Floor  The  bottom  of  the  ocean. 

Service  Generator  A  circulating  water  system  that  provides 

Cooling  System  for  cooling  of  a  vessel's  service  generator. 

SG  See  Service  Generator  Cooling  System. 

Solid  Boundary  A  boundary  that  cannot  be  deformed  by  pres¬ 

sure  force. 

Solidification  A  procedure  which  hardens  a  material  into  a 

solid  state. 
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APPENDIX  E 

ANNOTATED  BIBLIOGRAPHY 

Jones,  S.  H. ,  Cdr.,  USN. ,  CVN  68  Class  Condenser  Fouling. 
U.S.  Navy,  April,  1980,  9  figs. 

The  condenser  fouling  problems  of  an  aircraft 
carrier  are  described. 


Brehmer,  M.  L. ,  Nichols,  M.  M. ,  and  Calder,  D.  R.  Study 
and  Control  of  Marine  Fouling  Organisms,  Naval  Base, 
Norfolk,  Virginia.  Virginia  Institute  of  Marine 
Science,  Gloucester  Point,  Virginia,  February,  1967, 

4  figs.,  8  tables. 

The  authors  investigate  the  biology  and  distri¬ 
bution  of  marine  organism,  including  current  velocity 
and  sediment  characteristics,  and  identify  the  silver 
hydroid  and  the  fleshy  bryozoan  as  being  primarily 
responsible  for  condenser  fouling  resulting  in  vessel 
operational  difficulties. 


Shidler,  J.  K.  and  MacIntyre,  W.  G. ,  "Hydrographic  Data 
Collection  for  'Operation  James  River  -  1964’." 

Data  Report  No .  5 .  Virginia  Institute  of  Marine 
Science,  Gloucester  Point,  Virginia,  October,  1967, 

3  figs.,  5  tables. 

This  report  presents  collected  hydrographic 
data  on  the  James  River  estuary  for  verification  of 
an  hydraulic  model  and  for  calculation  of  circulation 
dynamics  in  the  James  River. 


Hoffman,  J.  F.,  "Investigation  into  Deep-Draft  Vessel 

Berthing  Problems  at  Selected  U.  S.  Naval  Facilities. 
Report  No.  4914-801.  E  G  &  G  Washington  Analytical 
Services  Center,  Inc.,  Rockville,  Maryland,  October, 
1980,  21  figs.,  16  tables. 

This  report  provides  a  detailed  investigation 
of  shoaling  and  addresses  sediment  control  problems, 
such  as  retardation  of  deposition  of  sediments  or 
flushing  of  resuspended  sediments,  in  the  pier  slips 
and  associated  waterways  of  six  deep-draft  harbors 
used  by  the  U.  S.  Navy.  Information  on  marine  or¬ 
ganism  fouling  at  Norfolk  Naval  Station  is  also  pre¬ 
sented  . 
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Nichols,  M.  M. ,  "Sediments  of  the  James  River  Estuary, 
Virginia."  Memoir  133.  The  Geological  Society  of 
America,  Inc.,  New  York,  1972,  pp.  169-212,  28  figs. 
1  table. 

This  article  reports  the  distribution,  composi¬ 
tion,  chemistry  and  characteristics  of  the  sediments 
in  the  James  River  Estuary,  Virginia. 


Van  Dorn,  W.  G.,  et  al.,  "The  Evaluation  of  Sediment 
Management  Procedures  Phase  II  Final  Report  1975- 
1976."  SIO  Reference  77-10.  Scripps  Institution  of 
Oceanography,  La  Jolla,  California,  August,  1977, 

42  figs.,  4  tables. 

This  report  summarizes  a  study  of  a  number  of 
sedimentation  removal  techniques  and  recommends  the 
resuspension  of  sediments  by  submerged  hydraulic  jet 
method.  Physical  model  of  a  berthing  complex  using 
a  phased  array  of  ten  radial  jets  was  built  and 
tested.  The  report  also  includes  the  current  and 
(mud)  sediment  information  near  Pier  12  area  in  Nor¬ 
folk  Harbor. 


Environmental  Impact  Assessment;  Norfolk  Naval  Base 
Complex  Long-Range  Maintenance  Dredging  Program. 
Arthur  D.  Little,  Inc.,  Massachusetts,  February, 
1976,  22  figs.,  19  tables. 

This  report  provides  the  environmental  impact 
assessment  on  the  maintenance  dredging  for  the  Nor¬ 
folk  Naval  Base  Complex.  Conclusions  from  the  study 
indicate  that  the  maintenance  dredging  will  redis¬ 
tribute  polluted  sediments  and  adversely  affect  es- 
tuaraine  biota. 


LI.  S.  Army  Corps  of  Engineers.  Norfolk  Harbor  and  Chan¬ 
nels,  Virginia,  Deepening  and  Disposal,  Feasibility 
Report  and  Appendices.  U.  S.  Army  Corps  of  Engi¬ 
neers,  Norfolk  District,  July,  1980. 

This  report  addresses  and  evaluates  possible 
solutions  for  two  problems;  first,  the  existing 
disposal  needs  facing  Norfolk  Harbor  and  adjacent 
waters,  and  second,  the  need  for  improvec.  .  nd  ex¬ 
panded  channels  and  anchorages. 
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[9]  Fang,  C.  S.,  et.  al.,  "Physical  and  Geological  Studies  of 
the  Proposed  Bridge-Tunnel  Crossing  of  Hampton  Roads 
near  Craney  Island."  Special  Report  in  Applied  Ma¬ 
rine  Science  and  Ocean  Engineering  No.  24.  Virginia 
Institute  of  Marine  Science,  Gloucester  Point,  Vir¬ 
ginia,  August,  1972,  10  figs.,  20  tables. 

This  report  is  divided  into  four  parts.  Part 
1  presents  the  hydraulic  model  study  of  the  effects 
of  a  proposed  river  crossing  structure  on  the  tides, 
currents  and  distribution  of  sea  salts  and  sediments 
at  Hampton  Roads  near  Craney  Island.  Part  2  investi¬ 
gates  the  impact  from  the  proposed  bridge-tunnel 
model  study  on  the  shoreline,  Hampton  Flats  and  New¬ 
port  News  Point  area.  Part  3  reports  the  field  survey 
of  currents  in  the  Newport  News  area  using  the  drogued 
buoys.  Part  4  presents  the  hydraulic  model  test  re¬ 
sults  of  tidal  currents. 


[10]  Chen,  H.  S.,  "A  Storm  Surge  Model  Study  Volume  II  A  Fi¬ 
nite  Element  Storm  Surge  Analysis  and  its  Application 
to  a  Bay-Ocean  System. "  Special  Report  No.  189  in 
Applied  Science  and  Ocean  Engineering.  Virginia  In¬ 
stitute  of  Marine  Science,  Gloucester  Point,  Virginia, 
September,  1978,  86  figs.,  9  tables. 

This  report  describes  the  development  of  a  two- 
dimensional  storm  surge  model  for  calculation  of 
water  elevation  and  circulation  subject  to  the  ef¬ 
fect  of  a  hurricane,  in  the  James  River  estuary  and 
Chesapeake  Bay  area.  The  storm  surge  model  was 
first  used  to  simulate  tides  in  the  Chesapeake  Bay 
until  tide  simulation  was  satisfactory,  then  a  storm 
surge  hindcast  was  conducted  in  the  Chesapeake  Bay 
and  its  Virginia  Atlantic  nearshore  area. 


[11]  Jacobson,  J.  P.  and  Fang,  C.  S.,  "Flood  Wave-Tide  Wave 
Interaction  on  the  James  River  During  the  Agnes 
Flood."  Studies  of  Certain  Impacts  of  Tropical 
Storm  Agnes  on  the  Chesapeake  Bay  and  its  Tributaries. 
Virginia  Institute  of  Marine  Science,  Gloucester 
Point,  Virginia,  August,  1974,  pp.  119-130. 

This  article  summarizes  the  tidal  height  data 
and  current  measurement  at  the  James  River  during 
the  Agnes  Flood.  The  authors  concluded  that  the 
flood  did  significantly  affect  the  water  level  in 
the  upper  portion  of  the  tidal  James.  However,  in 
the  lower  portion  of  the  James  River,  no  discernible 
rise  was  evident  due  to  the  passage  of  the  flood 
wave . 
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[12]  Namias,  J.  and  Dunn,  C.  R. ,  "The  Weather  and  Circulation 
of  August,  1955."  Monthly  Weather  Review.  Vol .  83, 
No.  8,  August,  1955,  pp.  163-170,  8  figs.,  1  table. 

This  article  presents  the  characteristic  atmo¬ 
spheric  circulation  during  August  1955.  The  weather 
information  over  the  Northeast  United  States,  where 
flood-producing  rains  associated  with  hurricanes 
Connie  and  Diane,  are  also  reported. 


[13]  Chapman,  W.  T. ,  Jr.,  and  Sloan,  Y.  T. ,  "The  Paths  of 

Hurricanes  Connie  and  Diane."  Monthly  Weather  Re¬ 
view  .  Vol.  83,  No.  8,  August,  1955,  pp.  171-180, 

13  figs. 

This  article  deals  with  two  hurricanes,  Connie 
and  Diane,  which  crossed  the  North  Carolina  Coast 
near  the  middle  of  August  1955  and  inflicted  great 
damage  over  a  large  area  of  the  eastern  seaboard. 
The  tracKs  and  surface  maps  of  these  hurricanes  are 
reported . 


[14]  Ruzecki,  E.  P.  and  Ayres,  R. ,  "Suspended  Sediments  Near 

Pier  12,  NorfolK  Navy  Base,  on  26  June  and  15  Septem¬ 
ber,  1973."  Data  Report  No.  11.  Virginia  Institute 
of  Marine  Science,  Gloucester  Point,  Virginia,  October 
1974,  2  figs.,  30  tables. 

This  report  summarizes  the  results  of  two  sus¬ 
pended  sediment  studies  near  Norfolk  Naval  Base  Pier 
12  area.  Salinity,  temperature  and  current  velocity 
information  are  also  provided  in  conjunction  with 
suspended  sediment  samples  at  five  stations. 


[15]  Neilson,  B.  and  Boule,  M.  Oceanographic,  Water  Quality, 
and  Modeling  Studies  for  the  Outfall  from  a  Proposed 
Nansemond  Waste  Water  Treatment  Plant.  Vol.  2  An 
Analysis  of  Currents  and  Circulation  in  Hampton  Roads, 
Virginia^  Virginia  Institute  of  Marine  Science, 
Gloucester  Point,  Virginia,  January,  1975,  98  pp., 

39  f igs . ,  5  tables . 

The  investigation  of  the  water  circulation  in 
Hampton  Roads  concluded  that  it  is  dominated  by  tidal 
currents.  Results  of  current  measurements  from  the 
James  River  Hydraulic  Model  demonstrate  all  of  the 
essential  features  of  the  tidal  circulation  in  pro¬ 
totype  . 
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[16]  Malloy,  R.  J.  U.  S.  Navy  Harbor  Maintenance  Dredging 

Atlas  ( CONUS) .  (Preliminary  Outline  Copy)  Foundation 
Engineering  Division,  Civil  Engineering  Laboratory, 
Port  Hueneme,  California,  April,  1980,  21  figs. 

This  article  discusses  dredging  and  alternative 
methods  for  Navy  harbors.  Sediment  types  and  sedi¬ 
ment  prevention  systems  are  also  reported. 

[17]  O'Connor,  D.  J.  and  Lung,  W. ,  "Suspended  Solids  Analysis 

of  Estuarine  Systems."  ASCE  Journal  of  the  Environ- 
mental  Engineering  Division,  Vol .  107 ,  No .  EEl , 
February,  1981,  pp.  101-120,  12  figs. 

A  two-layer  salinity  and  suspended  solids  model 
for  estuarine  systems  is  reported.  The  model  includes 
the  considerations  of  a  seaward  advective  flow  in  the 
surface  layers,  landward  in  the  bottom  layer,  vertical 
advective  flow,  vertical  dispersion  across  the  layer 
interface,  and  the  settling  of  suspended  solids. 
Velocity,  salinity  and  suspended  solids  distributions 
of  the  James  River  estuary  are  also  reported. 


[18]  Krone,  R.  B. ,  "A  Study  of  Rheologic  Properties  of  Es¬ 
tuarial  Sediments."  Technical  Bulletin  No.  7.  U.  S. 
Army  Corps  of  Engineers ,  Committee  on  Tidal  Hydraulics, 
September,  1963,  38  figs.,  10  tables. 

The  author  provides  information  on  rheological 
properties  of  sediments  from  a  variety  of  estuaries 
including  the  stability  of  deposits  and  the  charac¬ 
teristics  of  sediment  during  transport.  Data  on 
shear  strength  and  relative  differential  viscosity 
of  soil  samples  are  also  reported. 


[19]  Kranck,  K. ,  "Sediment  Deposition  from  Flocculated  Sus¬ 
pensions."  Sed imentology ,  Vol.  22,  No.  1,  February, 
1975,  pp.  111-123,  10  figs. 

This  article  reports  the  sediment  deposition 
from  flocculated  suspensions  in  coastal  environments 
which  is  part  of  the  composition  of  mud.  The  nature 
and  formation  of  flocculated  sediments  and  their 
settling  characteristics  is  discussed. 
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[20]  Shelley,  P.  E. ,  "Sedimenh  Measurement  in  Estuarine  and 

Coastal  Areas."  NASA  CR  2769,  National  Aeronautics 
and  Space  Administration,  Washington,  D.  C.,  December 
1976,  17  figs.,  5  tables. 

This  report  discusses  the  direct  and  indirect 
methods  of  measuring  and  preserving  sediments  in 
estuarine  and  coastal  areas.  Sediment  mechanics, 
including  sediment  sources,  characteristics  and 
transport,  are  also  discussed. 

[21]  Hancock,  D.  A.,  Drinnan,  R.  E. ,  and  Harris,  W.  N. ,  "Notes 

on  the  Biology  of  Sertularia  Argentea  L. "  Journal, 
Marine  Biological  Association,  Vol.  35,  1956,  pp. 
307-325,  5  figs.,  4  tables. 

This  article  presents  the  investigation  of  the 
biology  of  the  hydroids  including  their  growth  and 
regeneration.  The  findings  are  a)  the  growth  is 
seasonal,  occurring  mostly  in  the  summer  months  and 
b)  the  regeneration  of  cut  stems  and  detached  side 
branches  are  possible. 

[22]  Poreh,  M.  and  Hefez,  E.,  "Initial  Scour  and  Sediment 

Motion  Due  to  an  Impinging  Submerged  Jet."  Pro¬ 
ceedings,  Twelfth  Congress  of  the  International  As¬ 
sociation  for  Hydraulic  Research,  Fort  Collins, 
Colorado,  September  11-14,  1967,  Vol.  3,  pp.  9-16, 

10  figs. 

A  theoretical  analysis  and  experimental  study 
of  the  initial  sediment  motion  and  scour  caused  by 
a  circular  submerged  jet  impinging  on  a  flat  erodible 
boundary  is  presented.  The  region  in  which  initial 
motion  of  sediments  may  occur  is  predicted  by  gener¬ 
alizing  Shields'  criterion  for  the  critical  shear 
stress  in  open  channel  flows. 

[23]  Westrich,  B.  and  Kobus,  H. ,  "Erosion  of  a  Uniform  Sand 

Bed  oy  Continuous  and  Pulsating  Jets."  Proceedings , 
Fifteenth  Congress  of  the  International  Association 
for  Hydraulic  Research,  Turkey,  1973,  Vol.  1,  pp. 
91-98,  8  figs. 

An  experimental  investigation  of  erosion  of  a 
uniform  sand  bed  by  a  vertical  submerged  jet  is  pre¬ 
sented.  Analysis  of  results  show  that  the  momentum 
flux  of  the  jet  and  the  distance  between  jet  nozzle 
and  sediment  bed  determines  the  rate  of  scour. 


N00014-80-C-0395 


[24]  Kobus,  H.  ,  Leister,  P.  ,  and  Westrich,  B. ,  "Flow  Field  and 
Scouring  Effects  of  Steady  and  Pulsating  Jets  Imping¬ 
ing  on  a  Movable  Bed."  Journal  of  Hydraulic  Research, 
Vol.  17,  No.  3,  1979,  pp.  175-192,  12  figs. 

The  flow  field  and  erosion  pattern  of  a  continuous 
and  pulsating  impinging  jet  were  studied  experimentally 
The  mean  velocity  field  as  well  as  the  turbulent  and 
pulsation  components,  wall  pressure  and  wall  shear 
stress  distributions  are  reported. 


[25]  Yalin,  M.  S.  and  Karahan,  E.  ,  "Inception  of  Sediment 

Transport."  ASCE  Journal  of  the  Hydraulics  Division, 
Vol.  105,  No.  HYll,  November,  1979,  pp.  1433-1443, 

5  figs .  ,  1  table . 

This  article  presents  the  investigation  on  the 
mass  transport  of  sediments  in  open  channel  having 
movable  boundaries.  The  prediction  of  the  critical 
shear  stress  corresponding  to  the  inception  of  sedi¬ 
ment  transport  in  fluvial  hydraulics  is  reported. 

An  extended  Shields'  diagram  is  also  included  in  this 
paper. 


[26]  Tani,  I.  and  Komatsu,  Y. ,  "Impingement  of  a  Round  Jet  on 
a  Flat  Surface."  Proceedings,  Eleye_nJ:_h  International 
Congress  of  Mechanics,  Munich,  1964,  pp.  672-676, 

7  figs. 

An  experimental  study  of  circular  jet  impinge¬ 
ment  on  a  flat  surface  is  reported.  The  experimental 
analysis  was  performed  using  similarity  solution  for 
calculating  jet  centerline  velocity  and  radial  veloc¬ 
ity.  The  study  also  compares  analytical  results 
with  experimental  findings. 


[27]  Rajaratnam,  N. ,  "Plane  Turbulent  Compound  Wall  Jets." 

Journal  of  Hydraulic  Research,  Vol.  10,  No.  2,  1972, 
pp.  189-203,  10  figs. 

Reports  a  simple  method  of  predicting  the  varia¬ 
tion  of  the  velocity  and  length  scale  and  the  wall 
shear  stress  for  the  problem  of  the  plane  wall  jet. 
This  method  was  based  on  similarity  analysis,  inte¬ 
gral  momentum  equation,  dimensional  analysis  and 
available  experimental  data. 
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[28]  Beltaos,  S.  and  Rajaratnam,  N. ,  "Impinging  Circular  Tur¬ 
bulent-.  Jet.s."  ASCE  Journal  of  t-.he  Hydraulics  Divi¬ 
sion  ,  Vol .  100,  No.  HYIO,  Oct-.ober,  1974,  pp.  1313- 
1328,  15  figs.,  1  table. 

Presents  an  analytical  and  experimental  study 
of  the  impingement  region  of  circular  turbulent  im¬ 
pinging  jets.  Wall  pressure  and  velocity  fields  are 
reported.  A  semi-empirical  method  developed  to  pre¬ 
dict  the  variation  of  the  axial  velocity  is  discussed 
as  well  as  an  analytical  method  developed  to  assess 
the  wall  shear  stress  profile. 


[29]  Beltaos,  S.  and  Rajaratnam,  N. ,  "Impingement  of  Axisym- 

metric  Developing  Jets."  Journal  of  Hydraulic  Re¬ 
search,  Vol.  15,  No.  4,  1977,  pp.  311-326,  8  figs., 

2  tables. 

An  experimental  and  analytical  study  of  develop¬ 
ing  jets,  impinging  on  a  smooth  wall,  is  presented. 
Measurements  of  the  velocity  field  and  static  pres¬ 
sure  in  excess  of  ambient  and  wall  shear  stress  are 
reported . 

[30]  Kline,  S.  J. ,  Abbott,  D.  E. ,  and  Fox,  R.  W.,  "Optimum 

Design  of  Straight-Walled  Diffusers."  Journal  of 
Basic  Engineering,  Vol.  81,  No.  9,  September,  1959 , 
pp.  321-331,  8  figs.,  1  table  with  discussion. 

This  article  discusses  four  common  optimum  prob¬ 
lems  in  diffuser  design.  Included  in  the  discussion 
are  the  effects  of  geometrical  and  non-geometrical 
parameters.  Derivation  of  diffuser  head  losses  and 
the  minimization  of  this  head  loss  are  also  provided. 

[31]  Ho,  G.  C. ,  Diaz,  R.  J.,  and  Neilson,  B.  J.,  "Evaluation 

of  Ventra  Vacs  at  Pier  12  Naval  Base,  Norfolk,  Vir¬ 
ginia."  Special  Report  No.  228  in  Applied  Marine 
Science  and  Ocean  Engineering,  Virginia  Institute  of 
Marine  Science,  Gloucester  Point,  Virginia,  September 
1979,  12  figs.,  8  tables. 

The  authors  summarize  the  field  and  flume  study 
of  the  Ventra  Vac  units  to  resolve  suction  fouling 
problems  on  deep-draft  vessels.  Field  study  of  cur¬ 
rents,  water  quality,  bathymetry  and  the  distribution 
and  entrainment  of  marine  organisms  at  Pier  12  area 
is  reported.  Flume  tests  to  determine  the  character¬ 
istics  of  the  marine  organisms  are  also  described. 
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[32]  Diaz,  R.  J.  Distribu-hion  and  Hydrodynamic  Properties  of 
Fouling  Organisms  in  the  Pier  12  Area  of  the  Norfolk 
Naval  Station.  Virginia  Institute  of  Marine  Science, 
Gloucester  Point,  Virginia,  1980,  1  fig.,  5  tables. 

This  article  reports  the  distribution  and  hydro- 
dynamic  properties  of  the  silver  hydroid  and  fleshy 
bryozoans  in  Hampton  Roads  area  of  the  Norfolk  Harbor, 
Virginia . 
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APPENDIX  F 
USER'S  MANUAL 
NUMERICAL  PROGRAM 

F.l  ORIGIN  OF  THIS  PROGRAM 

The  program  documented  herein  was  developed  by  Hydro  Re¬ 
search  Science  (HRS,  Inc.)  of  Santa  Clara,  California  under 
ONR  contract  Number  N00014-80-C-0395  dated  80  MAR  17. 

F.2  PURPOSE  OF  THE  PROGRAM 

This  simulation  program  has  been  designed  to  analyze  under¬ 
keel  flow  field  characteristics  under  the  influence  of  combined 
sea  chest  discharge  jet  and  suction.  The  purpose  of  the  analy¬ 
sis  is  to  assist  in  judging  CVN  class  sea  chest  ingestion  of 
suspended  sediments. 

The  two  bottom  boundary  conditions  simulated  were  flat  and 
movable  bottoms.  The  bottom  materials  involved  in  the  simula¬ 
tions  were  sand  and  mud. 

F.3  HARDWARE  AND  SOFTWARE  REQUIREMENTS 

This  numerical  model  has  been  written  for  standard  FTN 
compiler  executions  of  the  CDC  7600  machine.  These  codes  can 
also  be  compiled  and  executed  on  other  machines  such  as  IBM 
computer  systems.  The  CPU  time  is  about  5  seconds  for  the 
flat-bottom  problem,  and  0.7  seconds  for  the  movable-bottom 
problem . 

F.4  GENERAL  DESCRIPTION  OF  THE  PROGRAM 

The  present  flat-bottom  numerical  model  will  simulate  the 
flow  field  of  combined  jet  and  suction.  It  also  simulates  the 
bottom  pressure  and  the  bottom  shear  stress  under  the  impinge¬ 
ment  of  a  discharger  jet.  The  input  data  for  the  model  includes 
(a)  the  diameters  of  the  jet  and  the  suction,  (b)  the  distance 


from  the  jet  center  to  the  suction  center,  and  (c)  the  flow  rate 
and  depth  from  the  jet  (or  suction)  to  the  bottom. 

The  jet  and  suction  are  treated  separately  in  computation 
procedures.  The  advantage  of  this  approach  is  the  use  of  an 
axisymmetrical  flow  field  assumption,  which  is  good  for  both 
jet  and  suction  problems. 

Based  on  the  numerical  results,  which  showed  that  if  the 
radial  distance  from  the  center  of  the  jet  (or  suction)  to  the 
point  of  interest  is  greater  than  three  jet  (or  suction)  diam¬ 
meters,  then  the  kinematics  are  negligible.  This  was  also  sup¬ 
ported  by  the  HRS  physical  model  test  results.  In  the  present 
problem,  the  distance  from  the  jet  center  to  the  suction  cen¬ 
ter  is  much  greater  than  triple  the  diameter  of  the  jet  (or 
suction) . 

The  flow  field  for  a  movable-bottom  boundary  was  simulated 
under  the  impingement  of  a  jet.  The  numerical  model  is  based 
on  HRS  laboratory  results.  This  model  is  for  water  depths  of 
5-  and  13-ft,  and  for  two  different  bottom  materials  (mud  and 
sand).  The  diameter  of  the  jet  is  16-in.,  and  the  flow  rate  is 
5890  gpm. 

F.5  LIMITATIONS  OF  THE  PROGRAM 

Two  different  bottom  boundary  conditions  are  simulated: 
the  flat  bottom,  and  the  movable  bottom.  The  flat  bottom 
numerical  model  does  not  have  limitations.  It  is  a  general 
model,  and  can  provide  flow  field,  bottom  pressure,  and  bottom 
shear  stress  information  for  any  conditions. 

For  movable  bottom  boundary  problems,  on  the  other  hand, 
this  model  can  only  provide  flow  field  information  for  four 
different  cases,  including;  two  different  depths  (5-  and  13- 
ft),  and  two  different  bottom  materials  (sand  and  mud).  These 
conditions  were  based  on  HRS  laboratory  results. 
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F.6  INPUT  REQUIREMENTS 

Input  requirements  are  summarized  in  the  following  table. 


TABLE  F-1 

Input  Requirements  for  Numerical  Model 


Card  number 
and  format 

Fortran 

variables 

Description 

1  212 

LTYPE 

=  1  Flat  bottom 

=  2  Movable  bottom 

1  212 

LMAT 

=  1  Bottom  material  is  mud 

=  2  Bottom  material  is  sand 

1  IX,  F10.7 

CONCEN 

The  concentration  of  bottom 
material  sucked  into  the 
suction 

2  F6.3, 

3(2X,  F6.3), 
2X,  F8.3 

DJ 

The  diameter  of  the  jet 
(the  unit  is  inches) 

DS 

The  diameter  of  the  suction 
(the  unit  is  inches) 

2  F6.3, 

3(2X,  F6.3), 
2X,  F8.3 

DEPTH 

The  axial  distance  from  the 
jet  (or  suction)  opening  to 
the  bottom  (the  unit  is 
feet) 

DIS 

The  radial  distance  from 
the  jet  center  to  the  suc¬ 
tion  center  (the  unit  is 
feet ) 

Q 

The  absolute  flow  rate  of 
the  jet  or  suction  (the 
unit  is  gpm  =  gallons  per 
minute ) 

F-3 
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Figure  F-]  illustrates  a  typical  input  card. 
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Figure  F-1 

Typical  Input  Card  for  Numerical  Program 
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F.7  OUTPUT  FORMATTING 

The  output  first  lists  all  the  information  described  in 
the  input.  Then  for  the  movable-bottom  problems,  it  prints  the 
axial  and  radial  velocity  field  of  the  impingement  of  the  jet 
in  dimensionless  form.  The  common  denominator  is  the  average 
velocity  at  the  opening  of  the  jet. 

For  the  flat-bottom  problems,  the  output  shows  the  flow- 
field  results  under  the  impingement  of  the  jet  in  dimensionless 
form,  and  the  common  denominator  is  the  average  velocity  at  the 
opening  of  the  jet.  The  flow-field  results  under  the  suction 
are  also  reported  in  dimensionless  form,  which  is  normalized  by 
the  average  velocity  at  the  opening  of  the  suction.  The  total 
flow-field  results  present  the  flow-field  under  the  combination 
of  the  impingement  of  the  jet  and  suction  expressed  in  feet  per 
second.  Finally,  the  bottom-pressure  and  shear  stress  distri¬ 
bution  along  the  radial  direction  is  printed. 

F.8  FLOW  CHART 

Figure  F-2  illustrates  the  logic  setup  of  the  program. 

F.9  PROGRAM  LISTING 

A  numerical  model  program  listing  follows  (refer  to  the 
following  16  pages) . 


Begin 


c; 


Print 

Resul 


t 


Figure  F-2 
Flow  Chart 
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APPENDIX  G 

CONVERSION  FACTORS,  CUSTOMARY 
TO  SI  UNITS  OF  MEASUREMENTS 

Units  of  measurement  used  in  this  report  can  be  converted 
as  follows: 


Multiply 

To  Obtain 

inch 

2.540* 

- 

02 

meter 

foot 

3.048* 

- 

01 

meter 

micron 

1.000* 

- 

06 

meter 

foot/second 

3.048* 

- 

01 

meter/second 

centimeter/second 

1.000* 

- 

02 

meter/second 

pound 

4.537* 

- 

01 

kilogram 

gram/cubic  centimeter 

1.000* 

+ 

03 

kilogram/cubic  meter 

cubic  foot/second 

2.832* 

- 

02 

cubic  meter/second 

gallons/minute 

6.310* 

- 

05 

cubic  meter/second 

